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Role of Abnormal L-Serine Metabolism by Lowered Expression
of 3-Phosphoglycerate Dehydrogenase in Fatty Liver Disease
Woo-Cheol Sim
Preventive Pharmacy, College of Pharmacy
Seoul National University
Fatty liver disease is early-stage liver disease that fat makes up
more than 5% of the organ’s weight. Fatty liver is a reversible state
and benign, but without proper treatments, it can lead to liver
dysfunction. In this study, we propose that 3-phosphoglycerate
dehydrogenase (PHGDH), which is a rate-limiting enzyme in serine
biosynthesis, can affect lipid metabolism by regulating L-serine pool in
fatty liver disease.
Previous study showed that hepatic L-serine is decreased in
chronically ethanol-fed rats. Based on the result, L-serine was treated
in alcoholic fatty liver model and it reversed ethanol-induced fatty
liver by metabolizing homocysteine via methionine synthase (MS) and
cystathionine β-synthase (CβS). L-serine also increased intracellular
NAD+ and silent information regulator 1 (SIRT1) activity via lactate
dehydrogenase (LDH). L-serine increased mitochondrial gene
expression, mass and function by deacetylated PGC-1α.. Increased
SIRT1 activity by L-serine ameliorated lipid accumulation and insulin
resistance in vitro.
PHGDH and L-serine were found to be significantly lowered in
chronic ethanol diet and high-fat diet fatty liver model. Free fatty
acids and ethanol also decreased PHGDH expression in vitro.
- II -
Diminished synthesis of L-serine led to increase in abnormal
sphingolipids and ceramides in PHGDH-KO MEF cells and alcoholic
fatty liver model. GEO analysis of hepatitis patients revealed phgdh
gene expression was diminished. Serum L-serine of fatty liver patients
was also down-regulated and negatively correlated with MRI fat
fraction, serum ALT and triglyceride (TG). Increased synthesis of
L-serine by PHGDH gain of function reversed lipid accumulation in
various cells by increasing intracellular NAD+ and SIRT1 activity.
PHGDH is found to be positively regulated by nuclear factor like 2
(NRF2) at both transcriptional and translational levels. Fatty liver
disease model showed the decreased expression of NRF2 and increased
NRF2 activity reversed free fatty acid-induced decrease in PHGDH
expression.
In conclusion, PHGDH plays an important role in regulating lipid
metabolism by synthesizing L-serine in the liver. This study showed
that PHGDH can be used as a therapeutic target for hepatosteatosis
and L-serine has a potential for curing fatty liver disease.
Key words : L-Serine, Homocysteine, 3-Phosphoglycerate
dehydrogenase, SIRT1, Lipid metabolism, Fatty liver
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Fatty liver diseases are classified into two categories. First, alcoholic
fatty liver disease (ALD) is developed by heavy alcohol intake
(Feinman and lieber, 1999) and secondly, nonalcoholic fatty liver
disease (NAFLD) is induced by excessive calorie intake, virus,
chemicals and so on (Ahn et al., 2008; Li et al., 2012). Because
intracellular lipid itself is not that toxic to hepatocyte, patients have
little symptoms and liver functions are mostly normal. But without
proper therapy, lipid accumulation is ongoing and reversible fatty liver
can develop into irreversible steatohepatitis, liver fibrosis and finally
liver failure (Figure 1 and Table 1) (Sorensen et al., 1984; Teli et al.,
1995; Jonathan et al., 2011; Falck-Ytter et al., 2001).
The molecular mechanisms that contribute to fatty liver include
increased de novo fatty acid synthesis by sterol regulatory element
binding protein (SREBP)-1, decreased fatty acid oxidation by
peroxisome proliferator-activated receptor-α (PPAR-α), up-regulated
fatty acid uptake by CD36 and fatty acid transport protein (FATP)
and disabled VLDL lipoprotein secretion by phosphatidylethanolamine
methyltransferase (PEMT) (Figure 2) (Purohit V et al., 2009; ,Jonathan
et al., 2011).
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Figure 1. Histological sections illustrating normal liver, steatosis, 
NASH, and cirrhosis (Jonathan et al., 2011).
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Table 1. NAFLD patients with sequential biopsies (Falck-Ytter
et al., 2001)
Figure 2. Metabolism of TG in the liver (Jonathan et al., 2011). 
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1.2. L-serine
L-serine is classified as a non-essential amino acid, but displays a
diverse role in several biological processes (Figure 3) (Ming et al.,
2016). L-serine is a major contributor to the one-carbon groups for
the purine and pyrimidine nucleotide synthesis. L-serine is also
converted to D-serine, which is a neuro-modulator acting as a
N-methyl-D-aspartate (NMDA) receptor co-agonist by D/L-serine
racemase (Matsui et al., 1995). L-serine also can condense with
palmitoyl CoA by serine palmitoyltransferase (SPT) to produce
sphinganine, which is a precursor of ceramides (Hanada, 2003).
L-serine also participates in homocysteine metabolism producing
glutathione by supplying glycine and cysteine which are the two
products of L-serine metabolism or by reacting with homocysteine.
L-serine is required either as a methyl group donor for MS or as a
substrate for CβS (Sim et al., 2015).
Our previous study found that L-serine is decreased in chronic
ethanol model induced by Lieber-DeCarli ethanol diet (Table 2). Based
on this result, we performed further study.
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Figure 3. Overview of serine metabolism (Ming et al., 2016).
 L-serine donates one-carbon units to the folate cycle while 
producing glycine. The folate cycle is essential for de novo 
synthesis of adenosine, guanosine and thymidylate, and can 
contribute to mitochondrial NADH, NADPH and ATP 
regeneration. The methionine cycle also provides precursors, 
such as cysteine for the synthesis of glutathione.
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Table 2. Amino acid analysis in the livers from chronically
ethanol fed rats.
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1.3. Homocysteine toxicity and role of
homocysteine in fatty liver
Homocysteine is a sulfur-containing toxic metabolite produced by
methionine metabolism and is known to be associated with the
pathogenesis of the fatty liver disease (Hajer et al., 2007; Gulsen et al.,
2005; Bjorck et al., 2006). Hyperhomocysteinemia has been identified as
an independent risk factor for coronary artery disease (Clarke et al.,
1991).
Homocysteine represents its toxicity through various mechanisms.
Pathophysiological levels of homocysteine increased expression and
secretion of interleukin-8 (IL-8) and monocyte chemoattractant
protein-1 (MCP-1) and induced inflammatory response (Poddar et al.,
2001; Wang et al., 2000; Wang and O, 2001).
Homocysteine can damage the function of proteins by making stable
disulfide bonds with cysteine residues (Jacobsen et al., 2005) and
homocysteine incorporation into protein via S-homocysteinylation may
leads to impairment of protein function (Undas et al., 2001; Majors et
al., 2002; Lim et al., 2003; Sass et al., 2003; Roda et al., 2003).
Homocysteine also induces endoplasmic reticulum (ER) stress, which
is a consequence of unfolded protein response (Kaufman, 1999),
associated gene expression including glucose-regulated protein 78
(GRP78). Homocysteine can also activate protein kinase RNA-like ER
kinase (PERK) (Nonaka et al., 2001; Werstuck et al., 2001). Geoff et
al. reported that homocysteine-induced ER stress can dysregulate the
triglyceride synthesis pathway resulting in fatty liver (Werstuck et al.,
2001).
Mice fed homocysteine or a high-methionine, and low-folate diet have
increased homocysteine concentrations and increased incidence of liver
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disease, characterized by hepatic steatosis (Ji et al., 2008). Chronic
ethanol consumption increases homocysteine accumulation in the liver,
which is closely linked to the development of various liver diseases.
Moreover, patients with chronic liver disease, as well as alcoholics,
develop substantially increased serum homocysteine concentrations
regardless of the stage of steatosis, from mild fibrosis to severe
cirrhosis (Table 2) (Remková et al., 2009; Cylwik et al., 2009).
Chronic ethanol ingestion induces a deficiency in many nutrients,
including folate, choline, vitamin B, betaine and methionine (Kharbanda,
2009). Homocysteine-lowering intervention using folate, betaine, vitamin
B reversed homocysteine concentrations and/or liver injuries by
normalizing homocysteine metabolism (Verhoef et al., 2004; Ji et al.,
2003; Sumiyoshi et al., 2010).
Table 2. Serum folate and homocysteine levels in alcoholics
(Cylwik et al., 2009).
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1.4. Homocysteine metabolism
The intake of dietary proteins produce various amino acids including
methionine. Methionine can be metabolized into S-adenosylmethionine
(SAM) by Methionine S-adenosyltransferase (MAT). SAM acts as a
methyl donor which is used in amino acid, protein, phospholipids, DNA
methylation (Mato et al., 1994). In this reaction, SAM is converted to
SAH and metabolized SAH is metabolized into homocysteine by
S-adenosylhomocysteine hydrolase.
Liver is a major organ that metabolizes homocysteine. Methionine
synthase (MS), betaine homocysteine methyltransferase (BHMT) or
cystathionine β-synthase (CβS) change homocysteine into methionine
or cysteine (Figure 4) (Verhoef et al., 2004). First, BHMT metabolizes
homocysteine into methionine by methylating homocysteine using
betaine (Finkelstein, 1990). Secondly, MS metabolizes homocysteine into
methionine using 5-methyltetrahydrofolate (5-methylTHF) as a methyl
donor and vitamin B12 as a cofactor (Seljub J, 1999). Thirdly,
homocysteine is metabolized by trans-sulfuration pathway. CβS
converts homocysteine into cystathionine by using L-serine and
vitamin B6 as a cofactor. Cystathionine is hydrolyzed into cysteine by
cystathionine γ-lyase. Cysteine is then synthesized into glutathione
(GSH) or sulfate or secreted as a urea (Mudd, S.H. et al., 1995).
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Figure 4. Schematic representation of homocysteine metabolism 
(Verhoef et al., 2004)
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1.5. SIRT1
Mammalian silent information regulators (SIRT) have seven isoforms
which belong to the SIRT family. These members have various
subcellular localization and distribution in organs (Nogueiras et al.,
2012). SIRT1 is most well known member of SIRT family and acts as
a NAD+-dependent deacetylase.
SIRT1 is known as one of a key metabolic sensor which regulates
various proteins including transcription factors by its deacetylating
activity (Li, 2013; Chaudhary and Pfluger, 2009; Xie et al., 2013;
Simmons et al., 2015; Guclu et al.). SIRT1 gain of function has been
known to affect vascular function, mitochondria biogenesis,
neurodegenerative disease, diabetes mellitus and lipid metabolism
(Delmas et al., 2005; Lagouge et al., 2006; Marambaud et al., 2005;
Milne et al., 2007; Li et al., 2007).
SIRT1 is widely distributed in metabolic tissues including adipose
tissue, liver, skeletal muscle, brain and kidney. In these tissues, SIRT1
expression is up-regulated by calorie restriction (Figure 5) (Cohen et
al., 2004; Heilbronn et al., 2005; Nisoli et al., 2005; Picard et al., 2004).
In the muscle tissues, resveratrol improved mitochondrial function and
enhanced oxidative capacity in muscle by activating SIRT1 and its
target protein, PGC-1α (Lagouge et al., 2006; Milne et al., 2007).
In the liver, the role of SIRT1 in fatty liver disease was first
identified by liver-specific SIRT1 knockout (KO) models (Purushotham
et al., 2009; Wang et al., 2010). SIRT1 KO mice showed higher lipid
deposition in liver and serum compared with control mice. SIRT1
overexpressing transgenic mouse improved high-fat diet-induced
glucose tolerance, hepatic steatosis, and inflammation compared with
control mouse (Pfluger et al., 2008). Resveratrol and caloric restriction
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also prevented hepatic steatosis by regulating SIRT1 pathway in
high-fat diet-fed animals (Ding et al., 2017; Baur et al., 2006; Lagouge
et al., 2006). In this study, SIRT1 is focused as PHGDH mediated
regulation of lipid metabolism.
Figure 5. Multiple target organs in which SIRT1 activation can 
potentially have effects to treat diseases (Lavu et al., 2008).
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1.6. De novo Serine Synthesis
L-serine can be synthesized by glycolytic metabolite,
3-phosphoglycerate. 3-phosphoglycerate dehydrogenase (PHGDH)
catalyzes first rate-limiting step in de novo serine synthesis. PHGDH
converts 3-phosphoglycerate into 3-phosphohydroxypyruvate using
NAD+ as a cofactor (Ravez et al., 2017). Then,
3-Phosphohydroxypyruvate is metabolized into phosphoserine by
phosphoserine aminotransferase 1 (PSAT-1) and then L-serine is
produced by phosphoserine phosphatase (PSPH). SHMT mediates
serine to glycine conversion (Figure 6).
Although L-serine can be absorbed by dietary intake, L-serine from
biosynthesis plays important roles in many situations. Nigdelioglu et al.
reported that transforming growth factor (TGF)-β promotes de novo
serine synthesis for collagen production. Whether there is serine and
glycine in culture media or not, only de novo synthesis of glycine
from L-serine is sufficient for the production of collagen. Snell et al,
first showed that enzymic imbalance in serine metabolism in rat
hepatomas (Snell et al., 1986) and several studies reported that
PHGDH expression is up-regulated in melanoma and breast cancer
cells (Beroukhim et al., 2010; Locasale et al., 2011; Possemato et al.,
2011).
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Figure 6. Schematic representation of de novo serine synthesis 
pathway and glycolysis.
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1.7. Regulation of PHGDH
PHGDH expression has been known to be regulated by various
molecules including human epidermal growth factor receptor 2 (HER2),
specificity protein 1 (Sp1), nuclear transcription factor Y (NF-Y), G9A,
p53, and erythroid 2-related factor 2 (NRF2).
First, HER2, receptor tyrosine kinase, overexpression increased
PHGDH expression in MCF10A cells by using differential analysis of
time series gene expression (Bollig et al., 2011).
Second, human PHGDH promoter activity was reported to be
positively regulated by the action of transcription factors Sp1 and
NF-Y (Jun et al., 2008). Epigenetic study showed that histone H3
lysine 9 (H3K9) methyltransferase G9A is required for maintaining the
serine-glycine biosynthetic pathway enzyme genes in an active state
marked by H3K9 monomethylation and for the transcriptional
activation in response to serine deprivation (Ding et al., 2013).
Third, Ou et al. reported that PHGDH is a target of p53 in human
melanoma cells (Ou et al., 2015). Upon serine starvation, p53
suppressed PHGDH expression and inhibited de novo serine
biosynthesis and p53-mediated cell death is enhanced dramatically in
response to Nutlin-3 treatment.
Fourth, the transcription factor NRF2 is a key regulator in response
to oxidative stress (Kansanen et al., 2012). Frequently deregulated
NRF2 in non-small cell lung cancer (NSCLC) controls the expression
of the key serine/glycine biosynthetic enzyme genes PHGDH, PSAT1,
and SHMT2 via activating transcription factor 4 (ATF4) to support
macromolecule production (DeNicola et al., 2015).
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1.8. The aim of study
The overall goal of this study is to identify the effect of the L-serine
on improving fatty liver and the role of PHGDH in lipid metabolism
by regulating the synthesis of L-serine.
First, L-serine was significantly reduced in Lieber-DeCarli ethanol in
vivo model in previous study and it is assumed that L-serine can
reverse the fatty liver. In this study, the effect of L-serine on
alcoholic fatty liver disease was identified and the mechanism of
L-serine on fatty liver was also studied focusing on homocysteine
metabolism.
Second, L-serine mediated regulation of fatty liver disease was
studied. We assumed that NAD+ can be produced by L-serine by the
action of lactate dehydrogenase and measured intracellular NAD+ and
the activity of SIRT1, NAD+ using deacetylation enzyme.
Third, the reason why L-serine is decreased in various fatty liver
diseases model was investigated. L-serine can not only be uptaken by
dietary sources but also be synthesized by de novo L-serine synthesis
pathway using glycolytic intermediate, 3-phosphoglycerate. The
expression of enzymes involved in this pathway was measured and the
rate-limiting enzyme, PHGDH, was identified as a key factor for
L-serine mediated lipid metabolism.
Fourth, the regulation of PHGDH is investigated. One of the various
regulators, NRF2 is studied by focusing on its expression and protein
stability.
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II. Materials and Methods
2.1. L-serine effect on alcoholic fatty liver
2.1.1. Cell culture
AML12 was obtained from the American Type Culture Collection
(ATCC, Rockville, MD) and cultured following ATCC guidelines.
Briefly, cells were cultured with growth medium which is DMEM/F12
(Gibco BRL, Grand island, NY) with 0.005 mg/mL insulin, 0.005
mg/mL transferrin, 5 ng/mL selenium (Insulin-Transferrin-Selenium,
Gibco BRL), and 40 ng/mL dexamethasone (Sigma, St. Louis, MO)
containing 10% heat inactivated fetal bovine serum (FBS; Gibco BRL),
50 units/mL of penicillin, and 50 units/mL of streptomycin
(Antibiotic-antimycotic; Gibco BRL).
2.1.2. Nile red assay
AML12 cells were plated into black 96-well plates at a density of 104
cells per well and incubated overnight. Ethanol was treated for 48 hr
with or without L-serine at indicated concentrations. After 48 hr, cells
were fixed in paraformaldehyde containing Hoechst 33258 for 10
minutes at room temperature. Then paraformaldehyde was removed
and cells were washed with Dulbacco’s modified phosphate-buffered
saline (DPBS) twice. DPBS containing nile red solution was added and
incubated for 10 minutes and washed with DPBS. Fluorescence was
measured using a microplated fluorescence reader at the
excitation/emission wavelengths of 470/580 nm. Data were normalized




Animals used in the study were purchased from Japan SLC, Inc.,
housed in an air-conditioned room (24℃) with a 12-h light/dark cycle,
and acclimatized over 1 wk to a nonpurified diet. The experiments
using animals were carried out in accordance with animal experiment
guidelines with the approval of the Institutional Animal Care and Use
Committee of Seoul National University.
2.1.3.1. Binge ethanol study
Male C57BL/6 mice (20 g) were randomly divided into 4 groups:
control (C), binge ethanol + vehicle (EV), binge ethanol + 20 mg/kg
L-serine (ES20), and binge ethanol + 200 mg/kg L-serine (ES200).
They were fed the nonpurified diet throughout the experiments. Three
mice in each group were gavaged with 5 g/kg of ethanol or isocaloric
dextran-maltose 3 times every 12 h. L-Serine dissolved in tap water
was administered twice by oral gavage 30 min before the last 2
ethanol doses, and the mice were killed by cardiac puncture after
Zoletil (10 mg/kg tiletamine, 10 mg/kg zolazepam, ip; Virbac)
anesthesia 24 h after the last dose. The binge ethanol study was
performed twice independently .
2.1.3.2. Chronic ethanol feeding study
Male Wistar rats (250 g) were divided into 3 groups: C, ethanol diet
(E), and ethanol diet + 1% L-serine (ES). The rats were fed a
standard Lieber-DeCarli ethanol diet (36% ethanol-derived calories;
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Dyets) for 4 wk ; pair-fed control rats were administered
dextran-maltose to match the alcohol-derived calories in the ethanol
diet. For pair-feeding, 2 rats were housed in a single cage. The food
intake of each cage in the E group was determined daily between
09:00 and 10:00 h, and the same amount of the food was then given
on the following day to the C and ES groups. Pair-feeding was
conducted throughout the study. The ethanol diet was supplemented
either with or without 1% (wt:vol) L-serine for the last 2 wk.
2.1.4. Histopathologic evaluation
For Oil Red O staining, frozen liver tissues were cut into 7-mm
sections and affixed to microscope slides. Sections were stained with
Oil Red O solution buffer and counter-stained with Harris hematoxylin.
2.1.5. Serum biochemistry
Serum alanine aminotransferase (ALT), aspartate aminotransferase
(AST), TGs, and cholesterol were monitored by standard clinical
chemistry assays on a Tokyo Boeki Prestige 24I Chemistry Analyzer
(Tokyo Boeki Machinery Limited). Serum and cellular total
homocysteine concentrations were quantified by using an Axis
Homocysteine EIA Reagent kit (Axis-Shield) following the
manufacturers‘ protocol with SpectraMax 340 (Molecular Devices).
2.1.6. TG analysis
Liver and cellular TGs were determined by a modified Folch method
by using a Serum Triglyceride Determination kit (Sigma) following the
manufacturers protocol.
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2.1.7. Determination of sulfur amino acids and metabolites
Liver homogenates were diluted, and denatured protein was removed
by centrifugation at 10,000 g for 10 min; the supernatant was used to
measure hepatic homocysteine, SAM, SAH, cysteine and GSH. An
HPLC method was used to determine SAM and SAH, and total
homocysteine, total cysteine, and total GSH were quantified by the
7-benzo-2-oxa-1,3-diazole-4-sulfonic acid (SBD-F) method. For
hepatic methionine and cystathionine analysis, liver homogenates were
diluted in ice-cold methanol. They were then derivatized with
O-phthalaldehyde/2-mercaptoethanol and quantified by using an HPLC
(SCL-10A; Shimadzu) system with a fluorescence detector
(RF-10AXL, Ex 385 nm and Em 515 nm; Shimadzu).
2.1.8. RNA interference
AML12 cells were seeded with 2 x 105 cells per well in 6-well plates
in medium containing 10% FBS for 24 h. The cells were transiently
transfected with Ms, Cbs, and Bhmt small interfering RNA (siRNA;
Santa Cruz Biotechnology) by using the Fugene HD Transfection
Reagent (Promega) as recommended by the manufacturers protocol.
After 48 h, the cells were collected for homocysteine and TG
measurement.
2.1.9. Statistical analysis
All results are presented as means ± SDs. Data were evaluated by
student’s t-test or one-way ANOVA followed by Tukey’s multiple
comparison procedure or Dunnett’s post-test. All data were analyzed
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by GraphPad Prism 5 (GraphPad Software).
2.2. L-serine effect on SIRT1 activity
2.2.1. Cell culture
C2C12 mouse skeletal muscle cell and AML12 was obtained from the
American Type Culture Collection (ATCC) and PHGDH KO-MEF cells
were kindly obtained from Dr. Furuya Shigeki from Kyushu university.
Cells were cultured following ATCC guidelines. C2C12 myoblasts were
maintained in DMEM (Gibco BRL) containing 10% FBS and 50and
AML12 cells were cultured with DMEM/F12 containing 0.005 mg/mL
insulin, 0.005 mg/mL transferrin, 5 ng/mL selenium
(Insulin-Transferrin-Selenium, Gibco BRL), and 40 ng/mL
dexamethasone (Sigma) containing 10% FBS and 50 units/mL of
penicillin and streptomycin (Antibiotic-antimycotic; Gibco BRL). To
differentiate myoblast, cells were allowed to reach 90% confluence, and
the media were replaced with 2% horse serum containing DMEM for 6
days. PHGDH KO-MEF cells were cultured with DMEM (Gibco BRL)
containing 10% heat inactivated fetal bovine serum (FBS) and
antibiotic-antimycotic.
2.2.2. NAD+/NADH measurement
Intracellular NAD+ and NAD were determined using NAD+/NADH
Quantitation Colorimetric Kit (Biovision, Milpitas, CA) according to the
manufacturer’s protocols. Briefly, cells were homogenized in 200 μL
acid or alkali extraction buffer to measure NAD+ or NADH. After
extraction, samples were neutralized using the opposite buffer and the
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intracellular NAD and NADH were determined by enzymatic cycling
reactions. The level of nucleotides were normalized by cellular protein
concentrations.
2.2.3. PGC-1α deacetylation assay
To determine PGC-1α acetylation level, immunoprecipitation (IP) was
performed using specific antibodies against acetyl-lysine (Cell signaling
Technology) for overnight and subjected to bind protein G agarose
bead (Thermo Fisher Scientific, Waltham, MA). Immunoprecipitated
beads were washed with IP buffer three times and mixed with sample
buffer. After centrifugation, supernatant was used for western blot
analysis and PGC-1 antibody was conjugated. After overnight
incubation, HRP-conjugated secondary anti-rabbit antibody were added
for 2 hr and protein level was determined.
2.2.4. RNA interference
Differentiated C2C12 myotubes were transiently transfected with Ldh
small interfering RNA (siRNA; Cell signaling) by using Lipofectamine®
RNAiMax Reagent (Thermo Fischer Scientific) as recommended by the
manufacturers protocol.
2.2.5. Quantitative Real-time Polymerase Chain Reaction
(qRT-PCR)
For qRT-PCR, total RNA was prepared from animal livers or C2C12
myotubes using Easy-BlueTM Total RNA Extraction Kit (Intron
Biotechnology, Seoul, Korea). After RNA extraction, cDNA was
produced using QuantiTect Reverse Transcription Kit (Qiagen, Hilden,
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Germany). The resulting cDNA was amplified by qRT-PCR using
iTaqTM Universal SYBR® Green Supermix Kit (Bio-rad, Hercules, CA)
in a SteponeTM Real-Time PCR System (Applied Biosystems. Seoul,
Korea).
2.2.6. Mitotracker Red staining
C2C12 myotubes differentiated in 96 black well plates are stained by
MitoTracker® red dye. Cells were added warmed staining media
containing MitoTracker® Red CMXRos probe (Invitrogen, Carlsbad,
CA) for 30 minutes. Then, cells were washed with fresh growth media
and incubated with 4% formaldehyde containing Hoechst33258
(Invitrogen) for 10 minutes. After fixation, cells were rinsed twice with
DPBS and analyzed by fluorescence detection.
2.2.7. Mitochondrial DNA quantification
Genomic DNA was extracted by QIAamp® DNA Mini Kit (Qiagen)
from C2C12 myocytes. To quantify mtDNA, cytochrome b primers was
used and to quantify nuclear DNA, 18s rRNA primers were used.
2.2.8. ATP measurements
C2C12 myotubes differentiated in a 96 white well plate and after 24
hr L-serine treatment, the plate was incubated at room temperature
for 30 minutes and added with CellTiter-Glo® in 100 μL per well.
After mixing contents, luminescence was detected by Centro LB960
luminometer.
2.2.9. Oxygen consumption ratio (OCR) measurements
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OCR was measured using Extracellular Flux Analyzers XFp (Agilent
Technologies, Santa Clara, CA). C2C12 differentiated in XFp cell
culture miniplates were treated with L-serine, fatty acids, and
resveratrol were washed twice with assay media and incubated in a
CO2 free incubator at 37℃ 30 minutes prior to the assay. After
incubation, the culture plate and drug catridge were injected according
to the XFp analyzers.
2.2.10. Nile red assay
After treatment, C2C12 myotubes were fixed in paraformaldehyde
containing Hoechst 33258 for 10 minutes at room temperature. Then
paraformaldehyde was removed and cells were washed with Dulbacco’s
modified phosphate-buffered saline (DPBS) twice. DPBS containing nile
red solution was added and incubated for 10 minutes and washed with
DPBS. Fluorescence was measured using a microplated fluorexcence
reader at the excitation/emission wavelengths of 470/580 nm. Data was
normalized by Hoechst 33258 determined at the excitation/emission
wavelengths of 365/488 nm.
2.2.11. Western blot analysis
Western blotting was basically performed by established procedures
using specific antibodies against pAkt, Akt, GLUT4, APTase and β
-Actin (Cell signaling Technology, Beverly, MA) and HRP-conjugated




To confirm GLUT4 membrane translocation, subcellular fractionation
was performed according to Li et al (Braz J Med Biol Res, 2015).
Cells were washed with cold DPBS twice and suspended in cold
sample preparation buffer, sonicated, and centrifuged at 100,000 g for 1
hr at 4 ℃. Supernatant was removed and remained pellet was
resuspended in 0.5% Triton X added homogenization buffer and
incubated on ice for 1 hr. After centrifuge, the supernatant was kept
as the plasma membrane fraction.
2.2.13. Statistical analysis
All results are presented as means ± SDs. Data were evaluated by
student’s t-test or one-way ANOVA followed by Tukey’s multiple
comparison procedure or Dunnett’s post-test. All data were analyzed
by GraphPad Prism 5 (GraphPad Software).
2.3. Down-regulation of PHGDH in fatty liver
disease.
2.3.1. Animal experiments
Animals used in the study were purchased from Japan SLC, Inc.
housed in an air-conditioned room (24℃) with a 12-h light/dark cycle,
and acclimatized over 1 wk to a nonpurified diet. The experiments
using animals were carried out in accordance with animal experiment
guidelines with the approval of the Institutional Animal Care and Use
Committee of Seoul National University.
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2.3.1.1. Chronic ethanol feeding study
Male Wistar rats (250 g) were fed a standard Lieber-DeCarli ethanol
diet (36% ethanol-derived calories; Dyets) for 4 wk ; pair-fed control
rats were administered dextran-maltose to match the alcohol-derived
calories in the ethanol diet. For pair-feeding, 2 rats were housed in a
single cage. The food intake of each cage in the ethanol group was
determined daily between 09:00 and 10:00 h, and the same amount of
the food was then given on the following day to the C and ES
groups. Pair-feeding was conducted throughout the study.
2.3.1.2. High-fat diet study
Male C57BL/6 mice were purchased from SLC Inc. (Hamamatsu,
Japan) and housed in an air-conditioned room (24 °C) with a 12 h
light/dark cycle. Mice were fed with lard-based high fat diet (60% of
calories derived from fat; Research Diets, Inc., NJ, USA) for 6 weeks.
Pair-feeding was conducted throughout the study.
2.3.1.3. Methionine-choline deficient (MCD) diet study
Male C57BL/6 mice were purchased from SLC Inc. (Hamamatsu,
Japan) and housed in an air-conditioned room (24 °C) with a 12 h
light/dark cycle. Mice were fed with methionine choline deficient diet
(Research Diets, Inc., NJ, USA) for 4 weeks. pair-fed control mice
were administered dextran-maltose to match the alcohol-derived
calories in the ethanol diet.Pair-feeding was conducted throughout the
study.
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2.3.2. Quantitative Real-time Polymerase Chain Reaction
(qRT-PCR)
For qRT-PCR, total RNA was prepared from animal livers or C2C12
myotubes using Easy-BlueTM Total RNA Extraction Kit (Intron
Biotechnology). After RNA extraction, cDNA was produced using
QuantiTect Reverse Transcription Kit (Qiagen). The resulting cDNA
was amplified by qRT-PCR using iTaqTM Universal SYBR® Green
Supermix Kit (Bio-rad) in a SteponeTM Real-Time PCR System
(Applied Biosystems. Seoul, Korea).
2.3.3. Primary hepatocyte isolation
Primary hepatocytes were isolated by a two-step collagenase
perfusion as dexcribed previously (LeCluyse et al., 1996). Briefly, after
anesthesia, abdominal cavitiy of mouse was opened and portal vein
was cannulated with catheter and perfused with Hank’s balanced salt
solution (HBSS; Gibco BRL). As soon as the liver is swelling, inferior
vena cava was cut. When the blood from the liver is completely
removed, CaCl2 solution containing collagenase was perfused. After
collagen perfusion, the liver was extracted and hepatocytes were
suspended in digestion media. The suspension was sieved and
centrifuged and cell pellet was washed twice with culture media. Cell
viability was determined by trypan blue exclusion and cells were used
when 90-95% cell viability was confirmed. Cells were incubated in a
37°C incubator in an atmosphere of 5 % CO2 in air.
2.3.4. Western blot analysis
Western blotting was basically performed by established procedures
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using specific antibodies against PHGDH and β-Actin (Cell signaling
Technology, Beverly, MA) and HRP-conjugated secondary anti-rabbit
or anti-mouse antibody (Cell Signaling Technology).
2.3.5. Clinical data from fatty liver disease patients
Serum from twenty control group and sixty-eight fatty liver disease
patients were provided by Dr. Dae Won Jun from Hanyang University
college of medicine and serum amino acid analysis was performed by
Sang Kyum Kim from Chungnam National University. Data were
provided by nd analyzed with GraphPad Prism 5 (GraphPad Software).
2.3.6. Cell culture
AML12 was obtained from the American Type Culture Collection
(ATCC) and PHGDH KO-MEF cells were kindly obtained from Dr.
Furuya Shigeki from Kyushu university. Cells were cultured following
ATCC guidelines. Briefly, AML12 cells were cultured with DMEM/F12
containing 0.005 mg/mL insulin, 0.005 mg/mL transferrin, 5 ng/mL
selenium (Insulin-Transferrin-Selenium, Gibco BRL), and 40 ng/mL
dexamethasone (Sigma) containing 10% heat inactivated fetal bovine
serum (FBS; Gibco BRL), 50 units/mL of penicillin, and 50 units/mL
of penicillin and streptomycin (Antibiotic-antimycotic; Gibco BRL).
PHGDH KO-MEF cells were cultured with DMEM (Gibco BRL)




Intracellular NAD+ and NAD were determined using NAD+/NADH
Quantitation Colorimetric Kit (Biovision, Milpitas, CA) according to the
manufacturer’s protocols. Briefly, cells were homogenized in 200 μL
acid or alkali extraction buffer to measure NAD+ or NADH. After
extraction, samples were neutralized using the opposite buffer and the
intracellular NAD+ and NADH were determined by enzymatic cycling
reactions. The level of nucleotides were normalized by cellular protein
concentrations.
2.3.8. PGC-1α deacetylation assay
To determine PGC-1α acetylation level, immunoprecipitation (IP) was
performed using specific antibodies against acetyl-lysine (Cell signaling
Technology) for overnight and subjected to bind protein G agarose
bead (Thermo Fisher Scientific). Immunoprecipitated beads were
washed with IP buffer three times and mixed with sample buffer.
After centrifugation, supernatant was used for western blot analysis
and PGC-1 antibody was conjugated. After overnight incubation,
HRP-conjugated secondary anti-rabbit antibody were added for 2 hr
and protein level was determined.
2.3.9. Nile red assay and TG analysis
Cells were plated into black 96-well plates and after treatment, cells
were fixed in paraformaldehyde containing Hoechst 33258 for 10
minutes at room temperature. Then paraformaldehyde was removed
and cells were washed with DPBS twice. DPBS containing nile red
solution was added and incubated for 10 minutes and washed with
DPBS. Fluorescence was measured using a microplated fluorexcence
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reader at the excitation/emission wavelengths of 470/580 nm. Data was
normalized by Hoechst 33258 determined at the excitation/emission
wavelengths of 365/488 nm.
Cellular TGs were determined by a modified Folch method by using
a Serum Triglyceride Determination kit (Sigma) following the
manufacturers protocol.
2.3.10. Transient transfection and RNA interference
Cells were transfected with PHGDH expression vector using
Lipofectamine 2000 (Invitrogen) as recommended by the manufacturer’s
protocol. For RNA interference, cells were seeded with 2 x 105 cells
per well in 6 well plates in medium containing 10% FBS for 24 h.
The cells were transiently transfected with Phgdh siRNA (Cell
signaling) by using Lipofectamine® RNAiMax Reagent (Thermo
Fischer Scientific) as recommended by the manufacturers protocol.
2.3.11. Statistical analysis
All results are presented as means ± SDs. Data were evaluated by
student’s t-test or one-way ANOVA followed by Tukey’s multiple
comparison procedure or Dunnett’s post-test. All data were analyzed
by GraphPad Prism 5 (GraphPad Software).
2.4. The mechanism of regulating PHGDH
2.4.1. Bisulfite conversion
DNA was prepared by QIAamp® DNA Mini Kit (Qiagen) from cells
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and tissues. Bisulfite conversion of DNA was performed using EpiTect
Bisulfite Conversion Kit by manufacturer’s protocol. Briefly, DNA was
prepared with bisulfite reaction mixture through denaturation procedure.
Bisulfited DNA was centrifuged and washed with washing buffer and
eluted with DNA spin column and elution buffer. Eluted bisulfite
converted DNA was amplified by specific primers.
2.4.2. Histone H3 and H4 acetylation assay
For the measurement of global histone H3 and H4 acetylation from
cells and tissues, histone H3 and H4 acetylation assay kit (Abcam)
was used by manufcaturer’s protocols. Briefly, cell lysis and tissue
disaggregation were performed by lysis buffer. By incubating
extraction buffer/glycerol solution, extracted histone was coated onto
assay wells. After washing, capture antibody and detection antibody
was added. By treating developing solution, color was developed and
absorbance was measured.
2.4.3. Western blot analysis
Western blotting was basically performed by established procedures
using specific antibodies against PHGDH, Ace-H3K9, NRF2 and β
-Actin (Cell signaling Technology, Beverly, MA) and HRP-conjugated
secondary anti-rabbit or anti-mouse antibody (Cell Signaling
Technology).
2.4.4. Statistical analysis
All results are presented as means ± SDs. Data were evaluated by
student’s t-test or one-way ANOVA followed by Tukey’s multiple
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comparison procedure or Dunnett’s post-test. All data were analyzed
by GraphPad Prism 5 (GraphPad Software).
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III. Results
3.1. L-serine reverses alcoholic fatty liver
3.1.1. L-serine decreased ethanol-induced lipid
accumulation
Previous study revealed that hepatic L-serine was significantly
decreased in alcoholic liver disease model. First, L-serine was treated
with ethanol in AML12 cells to identify the effect of L-serine on lipid
accumulation. Ethanol treatment increased intracellular lipid about 2
fold and L-serine reversed lipid staining concentration-dependently
(Figure 7).
To confirm the effects of L-serine in vivo, mouse ethanol binge
model was used. Oil red O staining revealed that 3 times of ethanol
gavage caused fatty liver and L-serine decreased lipid accumulation.
200 mg/kg of L-serine decreased ALT, which is a biomarker of liver
dysfunction and hepatic TG (Figure 8). Next, the effect of L-serine
was identified in chronic ethanol model. Rats were fed with
Lieber-DeCarli ethanol diet to induce fatty liver and L-serine was
treated last 2 weeks of ethanol diet. Lieber-DeCarli ethanol diet
significantly increased lipid droplets and serum ALT. L-serine
decreased these effects dose-dependently (Figure 9).
The decreased concentrations of SAM and GSH observed in the
ethanol group were completely recovered in the L-serine treated rat
group. As a result, the SAM:SAH ratio was also restored in the
L-serine group (Table 3).
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Figure 7. Nile red staining of ethanol-treated AML12 cells.
AML12 cells were treated with 100 mM ethanol with or
without indicated concentrations of L-serine for 48 hr.
Microscopic images of cells were shown in left panel. Right
panel shows the quantification of nile red staining. Values in
graph are means ± SDs, n = 3 of three independent experiments.
Within each graph, * represents significance (*; P < 0.05)
relative to the control group; # represents significance (#; P <
0.05) relative to the ethanol group. Statistical analysis was
performed by using one-way ANOVA with Tukey’s
multiple-comparison procedure.
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Figure 8. L-serine ameliorates binge ethanol induced fatty
liver.
Binge ethanol feeding was performed as described in Materials
and Methods section. Graphical protocol was described in (A).
Below are Oil red O staining of the livers (B), hepatic TG (C)
and serum ALT (D) in the binge ethanol study. Values in panels
C-D are means ± SDs, n = 3 mice per group. Within each graph,
* represents significance (*; P < 0.05) relative to the control
group; # represents significance (#; P < 0.05) relative to the
ethanol group. Statistical analysis was performed by using
one-way ANOVA with Tukey’s multiple-comparison procedure.
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Figure 9. L-serine ameliorates chronic ethanol
feeding-induced fatty liver.
Chronic ethanol feeding by Lieber-DeCarli ethanol diet was
performed as described in Materials and Methods section.
Graphical protocol is described in left upper panel (A). Below are
Oil red O staining of the livers (B), hepatic TG (C) and serum
ALT (D) in the chronic ethanol feeding study. Values in panels
C-D are means ± SDs, n = 8~10 rats per group. Within each
graph, * represents significance (*; P < 0.05) relative to the
control group; # represents significance (#; P < 0.05) relative to
the ethanol group. Statistical analysis was performed by using
one-way ANOVA with Tukey’s multiple-comparison procedure.
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Table 3. Concentrations of sulfur amino acids and metabolites in
the liver obtained from binge ethanol study and chronic ethanol
feeding study.







Cysteine 287±52.8 277±157 404±178 408±323 584±98.9 488±92.4 494±151
SAM 59.3±29.5 25.2±23.6 45.3±22.4 50.1±15.9 54.8±3.4 28.4±3.5* 55.1±8.8#
SAH 26.2±0.5 31.1±12.9 25.4±3.4 34.7±5.2 19.5±3.9 21.8±1.1 17.1±0.7
SAM:SAH 2.31±1.1 1.0±1.1 1.9±1.1 1.5±0.7 2.9±0.6 1.3±0.1* 3.2±0.4#
Methionine 670±175 733±391 427±91.1 627±165 1380±398 924±356 812±147
Cystathionine 39.6±4.7 24.4±1.5 27.9±14.6 25.9±6.2 30.9±6.7 14.6±1.9* 18.3±3.4
GSH 6.6±1.3 6.0±3.4 8.8±0.6 8.9±0.5 7.7±0.5 6.2±0.4* 8.1±0.7#
Values are means ± SDs, n = 3 mice and rats per group. Data were
analyzed by 1-way ANOVA followed by Tukey’s multiple comparison
procedure. Homocysteine in rat liver and cystathionine in mouse liver were
analyzed by Kurskal-Wallis test because of unequal variance. * represents
significance (* ; P < 0.05) relative to the control and # represents
significance (# ; P < 0.05) relative to the ethanol group.
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3.1.2. L-serine inhibited homocysteine by MS and
CβS-dependent homocysteine metabolism
L-serine is used as a precursor of one-carbon donor. Homocysteine is
known to induce fatty liver disease and trans-methylation pathway is
important in metabolizing homocysteine. To identify whether the effect
of L-serine on alcoholic fatty liver is associated with homocysteine
metabolism, homocysteine or methionine treated in vitro model was
used. When AML12 cells were treated with homocysteine or
methionine, intracellular homocysteine and lipid accumulation were
observed. L-serine reversed homocysteine- or methionine-induced
up-regulated homocysteine and lipid levels (Figure 10).
Homocysteine metabolism is achieved by three enzymes including
MS, CβS, and BHMT which convert homocysteine to methionine or
cysteine via trans-methylation or trans-sulfuration pathway. To
identify which enzyme is related with L-serine effect on homocysteine
and lipid accumulation, siRNA knockdown experiment was performed.
When each enzyme of homocysteine metabolism was blocked with
siRNA, homocysteine and lipid accumulation were increased and
L-serine reversed these effects only when BHMT was knockdown.
When MS and CβS expression was blocked, L-serine had no effect on
homocysteine and lipid accumulation. These results imply that MS and
CβS use L-serine to metabolize homocysteine (Figure 11).
To confirm these in vitro effects of L-serine on in vivo, the serum
and hepatic levels of homocysteine of binge ethanol treated mice and
chronic Lieber-DeCarli ethanol diet treated rats were investigated.
L-serine significantly and dose-dependently decreased homocysteine in
the serum and livers (Figure 12).
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Figure 10. L-serine lowered homocysteine and lipid in
AML12 cells.
Intracellular total homocysteine (A) and TG (B) concentrations
in homocysteine (5 mM) or methionine (5 mM)-treated AML12
cells in the absence or presence of L-serine (1 mg/mL) for 24 hr.
Homocysteine and TG concentrations were normalized by
intracellular proteins. Values are means ± SDs, n = 3 (means of
triplicates). Within each graph, * represents significance (*; P <
0.05) relative to the control group; # represents significance (#; P
< 0.05) relative to the homocysteine or methionine group.
Statistical analysis was performed by using 2-way ANOVA with
Bonferroni’s multiple-comparison procedure.
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Figure 11. L-serine decreased homocysteine and TG on homocysteine
only when MS and/or CβS activity are intact.
Intracellular total homocysteine and TGs in Bhmt-, Cbs-, or
Ms-siRNA transfected AML12 cells (A, C) and Ms/Cbs-siRNA
co-transfected AML12 cells (B, D) in the absence or presence of
L-serine (1 mg/mL). Homocysteine and TG concentrations were
normalized by intracellular proteins. Values are means ± SDs, n = 3
(means of triplicates). Within each graph, ** and *** represent
significance (**; P < 0.01, ***; P < 0.001) relative to the control
group; # and ## represent significance (#; P < 0.05, ##; P < 0.01). ns
means ‘not significant’. Statistical analysis was performed by using
2-way ANOVA with Bonferroni’s multiple-comparison procedure.
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Figure 12. L-serine decreased serum and hepatic homocysteine in binge
ethanol and chronic ethanol model.
Serum total homocysteine and hepatic homocysteine in the binge ethanol (A, B) and
the chronic ethanol (C, D) study. Values are means ± SDs, n = 3 mice or 8~10 rats
per group. Within each graph, * represents significance (*; P < 0.05) relative to the
control group; # represents significance (#; P < 0.05) relative to the ethanol group.
Statistical analysis was performed by using one-way ANOVA with Tukey’s
multiple-comparison procedure.
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3.2. L-serine up-regulates SIRT1 activity
3.2.1. L-serine increases intracellular NAD+ by
lactate dehydrogenase and SIRT1 activity.
To investigate whether L-serine can increase NAD+ and up-regulate
SIRT1 activity, C2C12 myocytes which highly express SIRT1 and
have active metabolic capacity were treated with L-serine. After 24 hr
treatment, intracellular NAD+ and the acetylation of PGC-1α was
detected. Because PGC-1α is a substrate of SIRT1, PGC-1α can be
deacetylated by the increasing activity of SIRT1. As a result, L-serine
increased NAD+ and deacetylated PGC-1α concentration-dependently
which implies up-regulated SIRT1 activity (Figure 13).
To find how L-serine can increase NAD+, lactate dehydrogenase
(LDH) activity was blocked by sodium oxamate or si-Ldh transfection.
LDH inhibition by both sodium oxamate and si-Ldh reversed L-serine
induced increase in NAD+ and SIRT1 activity (Figure 14).
These results showed that L-serine can increase intracellular NAD+
by lactate dehydrogenase and SiRT1 activity.
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Figure 13. L-serine up-regulates intracellular NAD+ and
SIRT1 activity.
L-serine was treated at the indicated concentrations in C2C12
myotubes for 24 hr. Intracellular NAD+ and NADH were
measured (A). C2C12 myotubes were treated with L-serine
(suggested concentrations) for 24 hr and 50 μM resveratrol
(RSV) for 6 hr. Then, acetylation status of PGC-1α was
measured using immunoprecipitation and quantification graph is
suggested below (B). Values are means ± SDs, n = 3 of three
independent experiments. * and ** represent significance (*; P
< 0.05, **; P < 0.01) relative to the control group using
one-way ANOVA with Dunnett’s post tests.
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Figure 14. L-serine mediated increases in NAD+ and SIRT1
activity are mediated by lactate dehydrogenase.
L-serine and sodium oxamate (SOX) were treated in C2C12
myotubes for 24 hr. Intracellular NAD+ and NADH (A) and the
acetylation status of PGC-1α (B) were measured. C2C12
myotubes were transfected with si-Ldh and 5 mg/mL L-serine
was treated for 24 hr. Then, intracellular NAD+ and NADH (C)
and the acetylation status of PGC-1α was measured using
immunoprecipitation (D). Values are means ± SDs, n = 3 of
three independent experiments. * represents significance (*; P <
0.05) relative to the control and # represents significance (#; P <
0.05) relative to the L-serine treatment group using one-way
ANOVA with Tukey’s post tests.
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3.2.2. L-serine up-regulates mitochondrial mass
and function.
PGC-1α is a major regulator of mitochondrial biogenesis. Because
increased deacetylation of PGC-1α by SIRT1 results in up-regulated
PGC-1α activity, L-serine effect on the mitochondrial gene expression
was confirmed by real-time PCR. Cytochrome c, ATP synthase
subunit β, and Tfam gene expression were increased by L-serine and
mitochondrial mass, which was detected by Mitotracker red, was also
up-regulated. As a result, mitochondrial function was also improved
which was detected by measuring intracellular ATP levels and oxygen
consumption rate (Figure 15).
SIRT1 also has anti-steatotic effect by inhibiting fatty acid synthesis
and increasing lipid β-oxidation. To find SIRT1 activating effect of
L-serine on lipid β-oxidation, oleic acid-induced lipid accumulation and
L-serine mediated oxygen consumption ratio were measured. As a
result, L-serine concentration-dependently decreased oleic acid-induced
intracellular triglyceride level and up-regulated oxygen consumption
ratio (Figure 16).
SIRT1 is one of a key metabolic regulator and known to improve
insulin resistance and fatty liver (Schenk et al., 2011; Colak et al.,
2011). To identify whether L-serine has insulin sensitizing effect, in
vitro model which uses palmitic acid as a insulin resistance inducer
was used. Palmitic acid reduced the phosphorylation status of Akt and
translocation of GLUT4, which is a major glucose transporter in
muscle tissues. L-serine reversed the phosphorylation status of Akt
and also increased GLUT4 membrane translocation (Figure 17).
EX-527, which is known as a SIRT1 inhibitor, blocked L-serine
induced phosphorylation of Akt.
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Figure 15. L-serine increases mitochondrial mass and
function.
C2C12 myotubes were treated with L-serine at the indicated
concentrations for 24 hr and 50 μM RSV for 6 hr. Total RNA
was extracted from cells and mitochondrial gene expression was
analyzed by real-time PCR (A). Mitochondrial mass was analyzed
by Mitotracker red and mtDNA copy number (B). Mitochondrial
function was measured by measuring intracellular ATP levels (C)
and oxygen consumption ratio (OCR) (D). Values in are means ±
SDs, n = 3 of three independent experiments. *, ** and ***
represent significance (*; P < 0.05, **; P < 0.01, ***; P < 0.001)
relative to the control group using one-way ANOVA with
Dunnett’s post tests.
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Figure 16. L-serine ameliorates oleic-acid induced lipid
accumulation.
C2C12 myotubes were treated with indicated concentrations of
L-serine for 24 hr and 50 uM resveratrol for 6 hr. Total RNA
was extracted and cpt1α and lcad mRNA levels were measured
by real-time PCR (A). C2C12 myotubes were treated with 250
uM oleic acid and 5 mg/mL L-serine and OCR was measured
using Seahorse Bioscience XFp analyzer (B). C2C12 myotubes
were treated with 250 uM oleic acid and indicated concentrations
of L-serine and 50 uM resveratrol. Intracellular lipid droplets
were quantitatively determined using nile red assay (C) and
microscopic images were confirmed (D). Values in are means ±
SDs, n = 3 of three independent experiments. *, ** and ***
represent significance (*; P < 0.05, **; P < 0.01, ***; P <
0.001) relative to the control and #, and ## represent significance
(#; P < 0.05, ##; P < 0.01) relative to the oleic acid group using
one-way ANOVA with Tukey’s post tests.
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Figure 17. L-serine improved insulin resistance in vitro
C2C12 myoblasts were differentiated into myotubes and treated with 5 mg/mL
L-serine in the absence or presence of EX-527 with 250 μM palmitic acid for 24
hr. After treatment, insulin (100 nM) was incubated for 20 minutes. Protein
extracts were prepared from cell lysates and western blotting was performed to
measure the levels of pAkt, Akt and B-Actin. Right panel shows the band
densities determined using an image analysis system and expressed as percentages
of the control (A). Total cell lysates were collected and subjected to subcellular
fractionation as described in Materials and Methods. The protein levels of GLUT4,
ATPase, and GAPDH were measured by western blotting. Right panel shows the
band densities of GLUT4 in membrane fraction determined using an image analysis
system and expressed as percentages of the control. Western blot images are
representative of three independent experiments. Values are means ± SDs, n = 3 of
three independent experiments. * and *** represent significance (*; P < 0.05, ***;
P < 0.001) relative to the insulin group. #, and ### represent significance (#; P <
0.05, ###; P < 0.001) relative to the insulin+palmitate group. $$ represents
significance ($$; P < 0.01). Statistical analysis was performed using one-way
ANOVA with Tukey’s post tests.
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3.3. PHGDH, a rate-limiting enzyme in de novo
serine synthesis, is down-regulated in fatty liver
disease.
3.3.1. Hepatic L-serine synthesizing enzyme
expression and L-serine level in vivo and in vitro
disease model.
L-serine can be not only uptaken by dietary supply but also
synthesized through de novo synthesis. To identify whether L-serine
is decreased because of decreased de novo synthesizing L-serine in
the liver, the expression of enzymes which are involved in de novo
serine synthesis was investigated in the livers from 4 weeks of
Lieber-DeCarli ethanol diet treated rats, 6 weeks of high-fat (HF) diet
fed mice, and 4 weeks of methionine-choline deficient (MCD) diet fed
mice. The expression of 3-phosphoglycerate dehydrogenase (PHGDH),
which regulates the first step of L-serine synthesis, was significantly
reduced in chronic ethanol, HF diet, and MCD diet induced fatty liver
disease models (Figure 18). The down-regulated enzyme of L-serine
synthesis enzyme results in the reduction of hepatic L-serine levels in
Lieber-DeCarli ethanol diet-fed rats and HF diet-fed mice except MCD
diet-fed mice (Figure 18).
PHGDH expression was also identified from in vitro model. Isolated
hepatocytes were treated with ethanol or the mixture of free fatty
acids (FFA; oleic acid:palmitic acid = 2:1). Ethanol and FFA treatment
significantly decreased the mRNA and protein expression of PHGDH
(Figure 19).
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Figure 18. L-serine synthesizing enzyme, PHGDH expression and
hepatic L-serine is decreased in pathological fatty liver model.
mRNA level of L-serine synthesis enzymes including phgdh, psph, and
shmt1 in the livers and hepatic L-serine were measured in the chronic
ethanol study (A, B), HF diet study (C, D), and MCD diet study (E, F).
Values are means ± SDs, n = 8 rats in chronic ethanol study, n = 8
mice in HF diet study, and n = 5 mice in MCD diet study per group.
Within each graph, *, **, and *** represent significance (* ; P < 0.05,
** ; P < 0.01, *** ; P < 0.001) relative to the control group using
student’s t-test.
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Figure 19. The expression of PHGDH was reduced by free
fatty acid and ethanol treatment.
The mRNA level and protein expression of PHGDH in mouse
primary hepatocytes were determined after 24 hr treatment of
FFA (A, B) and ethanol (C, D). Values are means ± SDs of
three independent experiments. Within each graph, *, ** and ***
represent significance (* ; P < 0.05, ** ; P < 0.01, *** ; P <
0.001) relative to the control group using student’s t-test in (A)
and (C) and one-way ANOVA with Dunnett’s post tests in (B)
and (D).
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3.3.2. Sphingolipids and ceramides level was
affected in fatty liver disease.
L-Serine and palmitoyl CoA are condensed into sphinganine (SA) and
L-serine deficiency was reported to elicit intracellular accumulation of
cytotoxic deoxysphingolipids, including deoxysphinganine (doxSA), and
deoxymethylsphinganine (doxmeSA) which are produced by palmitoyl
CoA with alanine and glycine instead of L-serine (Esaki et al., 2015).
To find whether L-serine deficiency in Phgdh-KO MEF cells leads to
accumulate cytotoxic sphingolipids. As reported, doxSA and
deoxysphingosine (doxSO) are increased by L-serine deficiency, but
SA and SO (sphingosine) are decreased by L-serine deficiency (Figure
20).
These sphingolipids and ceramides are also analyzed in the livers
from in vivo models. Deoxyceramide (doxCer) and
deoxydihydroceramide (doxDHCer) which are abnormal form of
ceramides, which are produced from doxSA, were increased in chronic
ethanol model (Figure 21) implying correlation between decreased
PHGDH function and increased abnormal ceramides. But in HF diet
model, doxSA and doxCer level were decreased (Figure 22).
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Figure 20. Deoxysphingolipids were increased in Phgdh-KO
MEF cell.
Phgdh-KO MEF cells were incubated in L-serine sufficient
control media or L-serine deficient media for 24 hr. After
incubation, cell lysates were collected and doxSA (A), doxSO
(B), SA (C), and SO (D) were analyzed by LC/MS.
Chromatograms were presented at left side and area under the
curve (AUC) were calculated on right panel.
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Figure 21. Chronic ethanol feeding increased deoxy-form
of ceramides.
Sphingolipids (sphinganine (SA) and sphingosine (SO)) and
Ceramides (deoxyceramide (doxCer), deoxydihydroceramide
(doxDHCer), Ceramide (Cer), Dihydroceramide (DHCer),
hexosylceramide (HexCer), hexosyldihydroceramide (HexDHCer),
hydroxyceramide (HCer), and glucosylhydroxylceramide
(GHCer)) were analyzed from the livers from chronic ethanol
diet-fed rats. Values are means ± SDs, n = 8 rats per group.
Within each graph, * and *** represent significance (* ; P <
0.05, *** ; P < 0.001) relative to the control group using
student’s t-test.
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Figure 22. High-fat diet feeding decreased deoxy-form of sphingolipid
and ceramide.
Sphingolipids (deoxysphinganine (doxSA), sphinganine (SA), and sphingosine
(SO)) and Ceramides (deoxyceramide (doxCer), deoxydihydroceramide
(doxDHCer), ceramide (Cer), dihydroceramide (DHCer), hexosylceramide
(HexCer), hexosyldihydroceramide (HexDHCer), hydroxyceramide (HCer), and
glucosylhydroxylceramide (GHCer)) were analyzed from the livers from HF
diet-fed mice. Values are means ± SDs, n = 9-10 mice per group. Within
each graph, *, **, and *** represent significance (* ; P < 0.05, ** ; P <
0.01, *** ; P < 0.001) relative to the control group using student’s t-test.
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3.3.3. Hepatic L-serine synthesizing enzyme
expression and L-serine level in clinical patients.
To identify whether these in vitro and in vivo effects are shown
clinically, first microarray data analysis was performed. GEO analysis
showed that the expression of PHGDH in alcoholic steatohepatitis,
non-alcoholic fatty liver patients and HBV-related non-alcoholic
advanced fibrosis patients was significantly decreased (Figure 23).
And then, we measured the serum amino acid level of 20 control
groups and 68 fatty liver disease patients. Serum L-serine was
significantly reduced in fatty liver disease patients and the fat
deposition analyzed by MRI was negatively correlated with serum
L-serine level (Figure 24). The serum biomarkers of liver, kidney
functions and glucose, lipid metabolism were also analyzed and some
of these markers, including ALT and triglycerides are found to be
negatively correlated with serum L-serine (Figure 25).
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Figure 23. Microarray data analysis showed down-regulation of
serine synthesis pathway in human fatty liver disease.
GEO dataset was analyzed to find statistical difference in the
expression of serine synthesis pathway enzyme between healthy
patients and fatty liver diseases patients. The volcano plot shows
false discovery rate (FDR) adjusted P value versus log value for fold
changes (log2FC) of gene enrichment. Genes associated with serine
synthesis pathway are plotted in orange dots. Horizontal blue line
indicates significance cut-off (Adjusted p value < 0.05). Right panel in
(A), (B) and (C) shows fold change of Phgdh in each group. *, **,
and *** represent significance (* ; P <0.05, ** ; P < 0.01, *** ; P
<0.001).
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Figure 24. The serum L-serine was reduced in fatty liver disease
patients and negatively correlated with fat fraction.
Serum amino acids were detected in 51 controls and 68 fatty liver
disease patients (A). P value was suggested relative to the control
group using student’s t-test. Serum L-serine and MRI determined fat
fraction were analyzed by correlation analysis (B). Pearson R value
and p value were suggested.
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Figure 25. Serum L-serine is negatively correlated with
serum ALT and TG in fatty liver disease patients.
The relationship between serum L-serine and several clinical
biomarkers representing liver functions (A), lipid metabolism (B),
kidney function (C) and glucose metabolism (D) was suggested
by correlation analysis. Pearson R value and p value were
suggested (N.S means not significant).
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3.3.4. Up-regulation of L-serine and PHGDH
function reverses lipid metabolism.
Because the lowered expression of PHGDH and synthesis of L-serine
were confirmed in disease models and clinical patients, we assumed
that FFA or L-serine deficiency may reduce L-serine level, and
decreased L-serine may result in down-regulation of intracellular
NAD+. FFA and L-serine deficiency condition decreased NAD+ and
this effect was reversed by additional L-serine treatment (Figure 26).
The deacetylation status of PGC-1α, implying SIRT1 activity, was
decreased by L-serine deficient condition in PHGDH KO-MEF cells
and the increased L-serine by transfection of PHGDH vector reversed
this effect (Figure 26).
Then, the up-regulation of L-serine by amplification of PHGDH
function on lipid metabolism in vitro disease models was also
measured. The overexpression of PHGDH by genetic vector
transfection in AML12 cells reversed the FFA-induced intracellular
lipid accumulations (Figure 27). Genetic siRNA knockdown of PHGDH
induced lipid accumulation and L-serine deficiency accelerated this
effect. PHGDH overexpression reversed the TG accumulation in
AML12 cells (Figure 27). The FFA also increased intracellular TG in
primary hepatocytes and PHGDH gain of function by genetic
transfection reversed that. Genetic knockout model using PHGDH
knockout MEF showed that when L-serine was enough in media,
there is no additional lipid accumulation, but when L-serine was
depleted, PHGDH knockout induced about 2 fold TG levels. PHGDH
overexpression reduced lipid accumulation to control level (Figure 27).
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Figure 26. PHGDH loss of function or L-serine deficiency decreased
intracellular NAD+ and SIRT1 activity in AML12, mouse primary hepatocytes,
and PHGDH-KO MEF cells.
750 uM of FFA and 5 mg/mL L-serine were treated and intracellular NAD+ and
acetylation status of PGC-1α were measured in AML12 (A, B) and primary
hepatocytes (C, D). PHGDH WT and KO-MEF cells were cultured in L-serine
sufficient or deficient media and PHGDH expression vector was transfected. After
treatment, intracellular NAD+ and acetylation status of PGC-1α (E, F) were measured.
Values are means ± SDs, n = 3 of three independent experiments. Within each graph,
labeled means without a common letter differ (P < 0.05). Statistical analysis was
performed by using one-way ANOVA with Tukey’s multiple-comparison procedure.
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Figure 27. Increased L-serine synthesis by up-regulating PHGDH
reversed lipid accumulation in FFA treatment or L-serine depleted
condition.
AML12 cells were incubated with 750 uM FFA or si-Phgdh and transfected
with PHGDH expression vector in L-serine sufficient or deficient media.
Intracellular TG was measured by nile-red assay (A, B). Microscopic images of
the nile red staining of AML12 cells in serine depletion condition were
suggested (C). 750 uM FFA was treated in mouse primary hepatocytes and
PHGDH expression vector was transfected. After treatment, intracellular TG
was measured by nile red staining (D) and TG extraction and quantification
(E). PHGDH wild-type (WT) MEF cells were cultured in L-serine sufficient
media and knock-out (KO) MEF cells were cultured in L-serine sufficient or
deficient media. PHGDH overexpression vector was transfected and nile red
assay was performed (F). Values are means ± SDs, n = 3 of three
independent experiments. Within each graph, *, **, and *** represent
significance (*; P < 0.05, **; P < 0.01, ***; P < 0.001) relative to the control;
# and ## represent significance (#; P < 0.05, ##; P < 0.01) relative to its left
bar. Statistical analysis was performed by using one-way ANOVA with
Tukey’s multiple-comparison procedure.
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3.4. Regulation of PHGDH is mediated by NRF2.
3.4.1. PHGDH is not regulated by epigenetic
modification.
To identify the mechanism of PHGDH regulation, epigenetic assays
were performed. First, PHGDH promoter methylation was assessed.
Because the promoter methylation is known to repress the gene
expression, the methylation status of the PHGDH promoter was
measured by DNA bisulfite conversion. But in vitro FFA and ethanol
treatment decreased the methylation status and there were no changes
in the promoter methylation in vivo models (Figure 28).
Next, histone methylation was also investigated. The global histone
H3 and H4 acetylation assay showed there were no changes in histone
acetylation in vitro and in vivo disease models (Figure 29).
Trichostatin A (TSA) was also used to investigate histone methylation
and PHGDH expression, but TSA did not affect the mRNA and
protein level of PHGDH (Figure 30).
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Figure 28. Promoter methylation of PHGDH is decreased by
FFA and ethanol in vitro and not affected by HF diet or
chronic ethanol diet.
AML12 cells were treated with indicated concentrations of FFA
(A) or ethanol (B)　for 24 hr and the livers from HF diet fed
mice (C) and chronic Lieber-DeCarli ethanol diet fed rats (D)
were prepared for DNA extraction. After bisulfite conversion,
DNA was amplified by semi-quantitative PCR. Graphs show the
quantification of intensities of DNA bands. Values are means ±
SDs, n = 3 of three independent experiments in vitro or n = 3 of
mice or rats in vivo. Within each graph, * represents significance
(*; P < 0.05) relative to the control. Statistical analysis was
performed by using one-way ANOVA with Dunnett’s post-test
in vitro and by using student’s t-test in vivo.
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Figure 29. Global hitone H3 and H4 acetylation were not
affected in pathological models.
AML12 cell pellets treated with indicated concentrations of FFA
(A), ethanol (B) and the livers from HF diet fed mice (C),
chronically Lieber-DeCarli ethanol diet fed rats (D) were used to
measure global H3 and H4 acetylation. In each graph, values are
means ± SDs, n = 3 of three independent experiments (A, B) or
n = 8 mice or rats (C, D). Statistical analysis was performed by
using one-way ANOVA followed by Dunnett’s post-test (A, B)
or by using student’s t-test (C, D).
- 66 -
Figure 30. The expression of PHGDH is not affected by
trichostatin A, HDAC inhibitor.
AML12 cells were treated with indicated concentrations of
trichostatin A (TSA) for 24 hr. Protein and mRNA were
extracted from cell pellets. PHGDH and H3K9 histone acetylation
were detected by western blot (A) and Phgdh mRNA expression
was measured by qRT-PCR (B). Values are means ± SDs, n =
3 of three independent experiments (A, B) or n = 8 mice or rats
(C, D). Statistical analysis was performed by using one-way
ANOVA followed by Dunnett’s post-test.
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3.4.2. PHGDH is regulated by NRF2.
DeNicola et al. reported that NRF2 positively regulates L-serine
biosynthesis through the up-regulation of enzymes involved in de novo
serine synthesis. Adenoviral transduction of dominant negative form of
NRF2 (DN-NRF2) or overexpression of NRF2 decreased or increased
PHGDH expression, respectively (Figure 31).
To find whether NRF2 is associated with down-regulated PHGDH in
pathological models. The expression of NRF2 is measured in vitro
FFA and ethanol model and in vivo HF diet and chronic ethanol diet
model. Figure 32. showed that not only in vitro FFA and ethanol
treatment decreased NRF2 protein level, but also in vivo HF diet and
chronic ethanol diet reduced NRF2 expression.
As NRF2 protein stability can be regulated by ubiquitination, we
confirmed NRF2 protein expression with treatment of
tert-butylhydroquinone (tBHQ) which is used as a NRF2 activator or
proteasome inhibitor, MG132. FFA increased the ubiquitination of
NRF2 and tBHQ and MG132 teatment reversed these effects (Figure
33).
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Figure 31. NRF2 positively regulates PHGDH at
transcriptional and translational level.
AML12 cells were transducted with adenoviral dominant
negative (DN)-NRF2 (A, B) or NRF2 (C, D) for 24 hr After
transfection, cells were collected and subjected to PCR or western
blot for NRF2 and PHGDH expression. Values are means ± SDs,
n = 3 of three independent experiments. Within each graph, *
represents significance (*; P < 0.05) relative to the control.
Statistical analysis was performed by using one-way ANOVA
followed by Dunnett’s post-test.
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Figure 32. NRF2 protein expression is down-regulated in
pathological models in vitro and in vivo.
AML12 cells treated with indicated concentrations of FFA (A),
ethanol (B) and the livers from HF diet fed mice (C), chronically
Lieber-DeCarli ethanol diet fed rats (D) were prepared to
measure NRF2 protein expression. In each graph, values are
means ± SDs, n = 3 of three independent experiments (A, B) or
n = 4 mice or rats (C, D). Within each graph, * and ***
represent significance (*; P < 0.05, ***; P < 0.001) relative to
the control. Statistical analysis was performed by using one-way
ANOVA followed by Dunnett’s post-test (A, B) or by using
student’s t-test (C, D).
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Figure 33. Increasing the stability of NRF2 reversed
FFA-induced PHGDH down-regulation.
AML12 cells were treated with FFA with or without tBHQ (A)
and MG132 (B). After 24 hr treatment, cells were centrifuged and
subjected to immunoprecipitation for detecting ubiquitination of
NRF2 and western blot for measuring NRF2 and PHGDH
expression. Right panels shows the quantification of ubiquitination
of NRF2, expression of NRF and PHGDH which are normalized




L-Serine is a non-essential amino acid which makes up dietary
proteins, but plays various roles in cellular metabolism including
biosynthesis of nucleotides, other amino acids, and sphingolipids.
One of the mechanisms of alcoholic fatty liver is a disturbance in
hepatic sulfur-amino acid metabolism, leading to high homocysteine
concentrations (Ji et al., 2003). We first demonstrated that the natural
amino acid L-serine ameliorated alcoholic fatty liver by lowering
homocysteine concentrations. L-Serine reduced homocysteine and lipid
accumulation by acting on MS and CβS which are important
homocysteine metabolizing enzymes in livers. By studying L-serine
and homocysteine metabolism, we could assume that L-serine may
have potential for treatment of hyperhomocysteinemia and fatty liver.
In our study, L-serine effect on serum homocysteine showed
difference between mice and rats. Shinohara et al. (2010) reported
species difference between rats and mice in which ethanol induces
hyperhomocysteinemia. Rats were reported to more resistant to
ethanol-induced increase in serum homocysteine and fatty liver. Our
results also showed similar results and L-serine effect lowering serum
homocysteine was observed only in mice (Sim et al., 2015). L-serine
effect of improving steatosis in rats were identified by analyzing other
sulfur amino acid metabolites in the liver. Our data in chronic ethanol
study found that L-serine increased hepatic SAM without affecting
SAH levels and GSH contents (Table 3). SAM participates into
various biological reactions as a methyl donor and impaired SAM/SAH
ratio leads to develop fatty liver by down-regulating VLDL secretion
(Kharbanda et al., 2007 and 2012). Therefore, normalized SAM/SAH
ratio by L-serine may be an important mechanism improving alcoholic
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steatosis in rats.
We found that L-serine mediated homocysteine metabolism through
the regulation of MS and CβS enzyme expression in binge ethanol
study. Because homocysteine metabolism can not only be affected by
metabolizing enzyme expression, but also the activity of the enzyme,
we measured enzyme activity of MS and CβS. L-serine did not affect
the enzyme activity in both binge and chronic ethanol study. The
mechanism which induces the expression of the enzymes by L-serine
needs to be studied.
The effect of L-serine improving fatty liver was mediated not only
by homocysteine metabolism but also by regulating SIRT1 activity.
L-Serine increased intracellular NAD+ by the action of LDH. Several
amino acids are reported to modulate SIRT1 activity. Leucine, which is
an essential amino acid, was reported to increase SIRT1 mRNA and
protein expression in C57BL/6 mice. Leucine increased nicotinamide
phosphoribosyltransferase (NAMPT) and SIRT1 expression (Koning et
al., 2003). Leucine also mimicked the calorie restriction effect by
lowering the activation energy for NAD+ of SIRT1 (Lei et al., 2005).
Another amino acid, tryptophan is reported to be associated with
SIRT1 activity. When the kynurenine pathway which is the principle
route of tryptophan metabolism producing NAD+ is inhibited, SIRT1
activity was decreased (Brady et al., 2012).
In our study, L-serine altered intracellular redox state, which can be
measured by NAD+/NADH ratio through LDH. Lactic and pyruvic
acids interact through the actions of the cytosolic near-equilibrium
LDH isozymes, which reflect the cytosolic NAD+/NADH ratios in
cytosol. There are reports of mitochondrial LDH activity (Brooks, 2009)
and therefore potential for coupling of the NAD+/NADH ratios trigger
several intracellular responses, including expression of genes by
modification of histone deacetylases, which profoundly affect the
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regulation of protein synthesis. To identify L-serine mediated
regulation of redox state, pyruvate and lactate levels are needed to
measured and further studies about changed redox state should be
performed including glycolysis.
L-Serine is also reported to be a natural ligand and allosteric
activator of pyruvate kinase M2 (PKM2) (Chaneton et al., 2012).
L-serine bound to and activate human PKM2 and following serine
deprivation, PKM2 activity in cells is reduced. This reduction in PKM2
activity shifts cells to a fuel-efficient mode where more pyruvate is
diverted to the mitochondria and more glucose derived carbon is
channelled into serine biosynthesis to support cell proliferation.
Although PKM2 is the predominant isoform in cancer cells (Christofk
et al., 2008; Altenberg and Greulich, 2004) and has low basal
enzymatic activity compared to the constitutively active splice-variant
PKM1 (Mazurek et al., 2005). Therefore, down-regulated intracellular
L-serine in disease models may result in PKM2 activation and
L-serine effect on PKM2 activity including increased glycolysis further
needs to be elucidated.
Reduced L-serine levels in alcoholic fatty liver can be explained by
PHGDH, which regulates de novo L-serine synthesis, and it was found
to be decreased in chronic ethanol diet, high-fat diet, and MCD diet
models. Decreased PHGDH expression resulted in reduced L-serine
concentrations in the livers except in MCD diet model. This may
result from different diet composition, period and so on. In vitro
pathological models also showed decreased PHGDH expression and
PHGDH gain of function reversed this effect by up-regulating
intracellular NAD+ and SIRT1 activity by increased L-serine.
To find the correlation between L-serine level and fatty liver disease
status, hepatic L-serine was investigated in animal studies and serum
L-serine was measured in human studies. Although both liver and
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serum L-serine levels were correlated to the fatty liver disease status,
additional serum amino acid analysis in animal studies can support the
correlation between L-serine and fatty liver disease.
Esaki et al., reported that deprivation of external L-serine leads to
the generation of abnormal sphingolipids, 1-deoxysphingolipids
(doxSLs), including doxSA in mouse embryonic fibroblasts lacking
PHGDH (PHGDH KO-MEFs) (Esaki et al., 2015). Furthermore, it is
reported that human diabetics show significant increases in
deoxyshpinganine (Bertea et al., 2010; Othman et al., 2012). So we
detected the sphingolipids in the livers from Lieber-DeCarli ethanol
diet-fed rats and high-fat diet-fed mice. In ethanol study, ethanol-fed
rats showed increased doxCer and doxDHCer, which are produced by
palmitoyl-CoA and alanine conjugation instead of L-serine. But
high-fat diet fed mice showed different patterns of sphingolipids level.
DoxSA and DoxCer were decreased by high-fat diet. Although a direct
causative role between ethanol diet and high-fat diet on lipid profile is
unclear, we hypothesized that different composition of diet may affect
SPT activity on different substrate. Because SPT exists in a complex,
composed of three distinct subunits (SPTLC1, STPLC2 and SPTLC3)
(Hornemann et al., 2007) and interacts with other proteins that
regulated activity of the enzyme (Han et al., 2010). Further studies
about sphingolipid profile of high fat diet in vivo study or human
obese patients need to be elucidated.
Regulation of PHGDH is mediated by various molecules
(Bollig-Fischer et al., 2011; Jun et al., 2008; Ding et al., 2013; Ou et
al., 2015; DeNicola et al., 2015). One of the mediator focused in this
study is nuclear factor erythroid 2-related factor 2 (NRF2). NRF2 is
one of a major regulator of cytoprotective response against reactive
oxygen species (ROS) (Kansanen et al., 2012). In resting state, NRF2
binds to two Kelch ECH associating protein 1 (Keap1) molecules and
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is ubiquitinated by the Cul3-based E3 ligase. The ubiquitination of
NRF2 leads to degradation by the proteasome (Kansanen et al., 2009).
Under oxidative condition, the cysteine residue of Keap1 is modified
and ubiquitination of NRF2 is inhibited by dissociation of the
Cul3-based E3 ligase complex. In this study, PHGDH is
down-regulated by FFA or ethanol treatment and NRF2 activator
tBHQ or proteasome inhibitor MG132 reversed the down-regulation of
NRF2 and PHGDH. Although FFA and ethanol are reported to induce
oxidative stress (Cui et al., 2016; Shi et al., 2016), Shi et al. reported
that NRF2 is reduced in total protein level and nuclear accumulation
by ethanol treatment. Because NRF2-Keap1 pathway can be regulated
by various mechanisms including Keap1 mutation (Mitsuishi et al.,
2012), hypermethylation of Keap1 promoter (Hanada et al., 2012; Zhang
et al., 2010), and accumulation of disruptor proteins including p62 and
p21 (Ma and He, 2012), further study is needed to NRF2-mediated
PHGDH regulation in vitro and in vivo disease models.
In conclusion, L-serine ameliorates fatty liver by participating in
homocysteine metabolism and up-regulating SIRT1 activity by
increasing intracellular NAD+ pool. Reduced L-serine is mediated by
down-regulated PHGDH experssion in various in vitro and in vivo
disease models. PHGDH expression is regulated by NRF2 which
regulates PHGDH positively at transcriptional and translational level.
This study showed that L-serine has a potential developed as a fatty
liver disease therapeutics and L-serine synthesizing enzyme, PHGDH
can be used as a therapeutic target for fatty liver disease.
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V. Conclusion
The result of the current thesis can be summarized as follows:
1. L-serine ameliorates alcoholic fatty liver in vitro and in vivo. And
L-serine showed these effects through up-regulating homocysteine
catabolism via MS and CβS activity.
2. L-serine increases intracellular NAD+ by the action of lactate
dehydrogenase and SIRT1 activity. L-serine mediated increase in
SIRT1 activity resulted in mitochondrial mass and function by PGC-1
α. L-serine also reversed oleaic acid-induced intracellular TG
accumulation by increasing lipid β-oxidation and palmitic acid-induced
insulin resistance in vitro.
3. PHGDH, which is a rate-limiting step in de novo serine synthesis,
expression was decreased in various in vitro and in vivo disease
model. GEO analysis also showed that human fatty liver disease
patients showed reduced expression of PHGDH and serum from human
fatty liver disease patients showed that L-serine is negatively
correlated with liver fat fraction and biomarkers of liver function and
lipid metabolism, such as ALT and TG.
4. NRF2 is identified as a PHGDH regulator in vitro and in vivo
model. studied by focusing its expression and protein stability. NRF2
is found to positively regulate PHGDH at transcriptional and
translational level. Increasing NRF2 stability reversed free fatty
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acid-induced PHGDH down-regulation.
Taken together, PHGDH plays an important role synthesizing L-serine
in pathological liver state. This study showed that PHGDH can be
used as a therapeutic target for hepatosteatosis and L-serine has a
potential for curing fatty liver disease.
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VI. Abbreviations
3-Phosphoglycerate dehydrogenase (PHGDH); 5-Methyltetrahydrofolate
(5-methylTHF); Alanine aminotransferase (ALT); Alcoholic fatty liver
disease (ALD); Aspartate aminotransferase (AST); Betaine
homocysteine methyltransferase (BHMT);
Chemoattractant protein (MCP); Cystathionine β synthase (CβS);
Deoxyceramide (DoxCer); Deoxydihydroceramide (DoxDHCer);
Deoxymethylsphinganine (DoxmeSA);
Deoxysphinganine (DoxSA); Deoxysphingosine (DoxSO); Dulbacco’s
modified phosphate-buffered saline (DPBS); Endoplasmic reticulum
(ER); Fatty acid transport protein (FATP); Free fatty acids (FFA);
Glucose-regulated protein 78 (GRP78); Glutathione (GSH); High-fat
(HF); Human epideral growth factor receptor 2 (HER2);
Interleukin (IL); Knock-out (KO); Lactate dehydrogenase (LDH);
Methionine-choline deficient (MCD); Methionine synthase (MS);
Nonalcoholic fatty liver disease (NAFLD); Non-small cell lung cancer
(NSCLC); Nuclear factor like 2 (NRF2); Nuclear transcription factor Y
(NF-Y); Peroxisome proliferator-activated receptor-α (PPARα);
Peroxisome proliferator activated receptor γ coactivator-1 α (PGC-1α);
Phosphatidylethanolaine methyltransferase (PEMT); Phosphoserine
aminotransferase 1 (PSAT-1); Phosphoserine phosphatase (PSPH);
Protein kinase RNA-like ER kinase (PERK); Quantitative Real-time
Polymerase Chain Reaction (qRT-PCR); S-adenosylmethionine (SAM);
S-adenosyltransferase (MAT); Serine Palmitoyltransferase (SPT);
Specificity protein 1 (Sp1); Sphinganine (SA); Sphingosine (SO); Sterol
regulatory element binding protein (SREBP); Transforming growth
factor (TGF); Triglyceride (TG)
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국문초록
지방간은 초기 단계의 간질환으로서 지방이 간 무게의 5% 이상을 차지하
는 상태를 의미한다. 지방간은 가역적이고 양성의 질환이지만, 적절한 치
료가 진행되지 않으면 간기능 장애를 야기하게 된다. 본 연구에서는 세린
생합성 단계에서 율속단계 효소로 작용하는 3-phosphoglycerate
dehydrogenase (PHGDH)가 지방간 질환에서 세린 합성을 조절하여 지질
대사에 영향을 줄 것임을 제안하였다.
이전 연구에서 만성적으로 에탄올을 투여한 랫트에서 세린이 감소하는
것을 확인하였다. 이에 근거하여, 알콜성 지방간 모델에서 세린을 투여하
였으며 세린의 투여는 methionine synthase와 cystathionine β synthase
를 경유하여 호모시스테인을 대사시킴으로써 에탄올에 의해 유도된 지방
간을 억제하였다. 또한 세린은 lactate dehydrogenase에 의해 세포내
NAD+와 SIRT1의 활성을 증가시켰다. 세린은 미토콘드리아 유전자 발현,
양 그리고 기능을 증가시켰다. 세린에 의한 SIRT1 활성의 증가는 in
vitro에서 지질 축적 및 인슐린 저항성을 억제하였다.
PHGDH와 세린은 만성 에탄올 그리고 고지방식이에 의한 지방간 질환
모델에서 유의미하게 감소하였다. 유리지방산 및 에탄올은 in vitro에서
PHGDH의 발현을 감소시켰다. 세린 생합성의 감소는 PHGDH-KO MEF
세포 및 알콜성 지방간 모델에서 비정상적인 스핑고지질 및 세라마이드의
증가를 야기하였다. 또한 간염 환자의 GEO 분석을 통해 PHGDH 유전자
발현이 감소하는 것을 확인하였다. 지방간 환자의 혈청 세린은 MRI로 확
인한 지질분획, 혈청 ALT 및 중성지방과 역의 상관관계를 가지는 것을
확인하였다. PHGDH 기능회복에 의한 세린 합성의 증가는 세포내 NAD+
및 SIRT1의 활성을 증가시켜 지질 축적을 억제하였다.
PHGDH는 전사 및 번역 수준에서 NRF2에 의해 증가하는 것을 확인하
였다. 지방간 질환 모델에서 NRF2의 발현이 감소하는 것을 확인하였으며
NRF2 활성의 증가는 유리지방산에 의해 감소하였던 PHGDH의 발현을
회복시켰다.
결론적으로 PHGDH는 간에서 세린을 생합성함으로써 지질대사를 조절
하는 중요한 역할을 한다. 본 연구를 통해 PHGDH를 지방간 질환을 치료
하는 타겟으로 사용할 수 있으며 이에 의해 합성되는 세린이 지방간 질환
을 치료하는 가능성을 가짐을 확인하였다.
In conclusion, PHGDH plays an important role regulating lipid
metabolism by synthesizing L-serine in the liver. This study showed
that PHGDH can be used as a therapeutic target for hepatosteatosis
and L-serine has a potential for curing fatty liver disease.
Key words : 세린, 호모시스테인, 3-Phosphoglycerate dehydrogenase,
SIRT1, 지질대사, 지방간
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Role of Abnormal L-Serine Metabolism by Lowered Expression
of 3-Phosphoglycerate Dehydrogenase in Fatty Liver Disease
Woo-Cheol Sim
Preventive Pharmacy, College of Pharmacy
Seoul National University
Fatty liver disease is early-stage liver disease that fat makes up
more than 5% of the organ’s weight. Fatty liver is a reversible state
and benign, but without proper treatments, it can lead to liver
dysfunction. In this study, we propose that 3-phosphoglycerate
dehydrogenase (PHGDH), which is a rate-limiting enzyme in serine
biosynthesis, can affect lipid metabolism by regulating L-serine pool in
fatty liver disease.
Previous study showed that hepatic L-serine is decreased in
chronically ethanol-fed rats. Based on the result, L-serine was treated
in alcoholic fatty liver model and it reversed ethanol-induced fatty
liver by metabolizing homocysteine via methionine synthase (MS) and
cystathionine β-synthase (CβS). L-serine also increased intracellular
NAD+ and silent information regulator 1 (SIRT1) activity via lactate
dehydrogenase (LDH). L-serine increased mitochondrial gene
expression, mass and function by deacetylated PGC-1α.. Increased
SIRT1 activity by L-serine ameliorated lipid accumulation and insulin
resistance in vitro.
PHGDH and L-serine were found to be significantly lowered in
chronic ethanol diet and high-fat diet fatty liver model. Free fatty
acids and ethanol also decreased PHGDH expression in vitro.
- II -
Diminished synthesis of L-serine led to increase in abnormal
sphingolipids and ceramides in PHGDH-KO MEF cells and alcoholic
fatty liver model. GEO analysis of hepatitis patients revealed phgdh
gene expression was diminished. Serum L-serine of fatty liver patients
was also down-regulated and negatively correlated with MRI fat
fraction, serum ALT and triglyceride (TG). Increased synthesis of
L-serine by PHGDH gain of function reversed lipid accumulation in
various cells by increasing intracellular NAD+ and SIRT1 activity.
PHGDH is found to be positively regulated by nuclear factor like 2
(NRF2) at both transcriptional and translational levels. Fatty liver
disease model showed the decreased expression of NRF2 and increased
NRF2 activity reversed free fatty acid-induced decrease in PHGDH
expression.
In conclusion, PHGDH plays an important role in regulating lipid
metabolism by synthesizing L-serine in the liver. This study showed
that PHGDH can be used as a therapeutic target for hepatosteatosis
and L-serine has a potential for curing fatty liver disease.
Key words : L-Serine, Homocysteine, 3-Phosphoglycerate
dehydrogenase, SIRT1, Lipid metabolism, Fatty liver
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Fatty liver diseases are classified into two categories. First, alcoholic
fatty liver disease (ALD) is developed by heavy alcohol intake
(Feinman and lieber, 1999) and secondly, nonalcoholic fatty liver
disease (NAFLD) is induced by excessive calorie intake, virus,
chemicals and so on (Ahn et al., 2008; Li et al., 2012). Because
intracellular lipid itself is not that toxic to hepatocyte, patients have
little symptoms and liver functions are mostly normal. But without
proper therapy, lipid accumulation is ongoing and reversible fatty liver
can develop into irreversible steatohepatitis, liver fibrosis and finally
liver failure (Figure 1 and Table 1) (Sorensen et al., 1984; Teli et al.,
1995; Jonathan et al., 2011; Falck-Ytter et al., 2001).
The molecular mechanisms that contribute to fatty liver include
increased de novo fatty acid synthesis by sterol regulatory element
binding protein (SREBP)-1, decreased fatty acid oxidation by
peroxisome proliferator-activated receptor-α (PPAR-α), up-regulated
fatty acid uptake by CD36 and fatty acid transport protein (FATP)
and disabled VLDL lipoprotein secretion by phosphatidylethanolamine
methyltransferase (PEMT) (Figure 2) (Purohit V et al., 2009; ,Jonathan
et al., 2011).
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Figure 1. Histological sections illustrating normal liver, steatosis, 
NASH, and cirrhosis (Jonathan et al., 2011).
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Table 1. NAFLD patients with sequential biopsies (Falck-Ytter
et al., 2001)
Figure 2. Metabolism of TG in the liver (Jonathan et al., 2011). 
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1.2. L-serine
L-serine is classified as a non-essential amino acid, but displays a
diverse role in several biological processes (Figure 3) (Ming et al.,
2016). L-serine is a major contributor to the one-carbon groups for
the purine and pyrimidine nucleotide synthesis. L-serine is also
converted to D-serine, which is a neuro-modulator acting as a
N-methyl-D-aspartate (NMDA) receptor co-agonist by D/L-serine
racemase (Matsui et al., 1995). L-serine also can condense with
palmitoyl CoA by serine palmitoyltransferase (SPT) to produce
sphinganine, which is a precursor of ceramides (Hanada, 2003).
L-serine also participates in homocysteine metabolism producing
glutathione by supplying glycine and cysteine which are the two
products of L-serine metabolism or by reacting with homocysteine.
L-serine is required either as a methyl group donor for MS or as a
substrate for CβS (Sim et al., 2015).
Our previous study found that L-serine is decreased in chronic
ethanol model induced by Lieber-DeCarli ethanol diet (Table 2). Based
on this result, we performed further study.
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Figure 3. Overview of serine metabolism (Ming et al., 2016).
 L-serine donates one-carbon units to the folate cycle while 
producing glycine. The folate cycle is essential for de novo 
synthesis of adenosine, guanosine and thymidylate, and can 
contribute to mitochondrial NADH, NADPH and ATP 
regeneration. The methionine cycle also provides precursors, 
such as cysteine for the synthesis of glutathione.
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Table 2. Amino acid analysis in the livers from chronically
ethanol fed rats.
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1.3. Homocysteine toxicity and role of
homocysteine in fatty liver
Homocysteine is a sulfur-containing toxic metabolite produced by
methionine metabolism and is known to be associated with the
pathogenesis of the fatty liver disease (Hajer et al., 2007; Gulsen et al.,
2005; Bjorck et al., 2006). Hyperhomocysteinemia has been identified as
an independent risk factor for coronary artery disease (Clarke et al.,
1991).
Homocysteine represents its toxicity through various mechanisms.
Pathophysiological levels of homocysteine increased expression and
secretion of interleukin-8 (IL-8) and monocyte chemoattractant
protein-1 (MCP-1) and induced inflammatory response (Poddar et al.,
2001; Wang et al., 2000; Wang and O, 2001).
Homocysteine can damage the function of proteins by making stable
disulfide bonds with cysteine residues (Jacobsen et al., 2005) and
homocysteine incorporation into protein via S-homocysteinylation may
leads to impairment of protein function (Undas et al., 2001; Majors et
al., 2002; Lim et al., 2003; Sass et al., 2003; Roda et al., 2003).
Homocysteine also induces endoplasmic reticulum (ER) stress, which
is a consequence of unfolded protein response (Kaufman, 1999),
associated gene expression including glucose-regulated protein 78
(GRP78). Homocysteine can also activate protein kinase RNA-like ER
kinase (PERK) (Nonaka et al., 2001; Werstuck et al., 2001). Geoff et
al. reported that homocysteine-induced ER stress can dysregulate the
triglyceride synthesis pathway resulting in fatty liver (Werstuck et al.,
2001).
Mice fed homocysteine or a high-methionine, and low-folate diet have
increased homocysteine concentrations and increased incidence of liver
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disease, characterized by hepatic steatosis (Ji et al., 2008). Chronic
ethanol consumption increases homocysteine accumulation in the liver,
which is closely linked to the development of various liver diseases.
Moreover, patients with chronic liver disease, as well as alcoholics,
develop substantially increased serum homocysteine concentrations
regardless of the stage of steatosis, from mild fibrosis to severe
cirrhosis (Table 2) (Remková et al., 2009; Cylwik et al., 2009).
Chronic ethanol ingestion induces a deficiency in many nutrients,
including folate, choline, vitamin B, betaine and methionine (Kharbanda,
2009). Homocysteine-lowering intervention using folate, betaine, vitamin
B reversed homocysteine concentrations and/or liver injuries by
normalizing homocysteine metabolism (Verhoef et al., 2004; Ji et al.,
2003; Sumiyoshi et al., 2010).
Table 2. Serum folate and homocysteine levels in alcoholics
(Cylwik et al., 2009).
- 9 -
1.4. Homocysteine metabolism
The intake of dietary proteins produce various amino acids including
methionine. Methionine can be metabolized into S-adenosylmethionine
(SAM) by Methionine S-adenosyltransferase (MAT). SAM acts as a
methyl donor which is used in amino acid, protein, phospholipids, DNA
methylation (Mato et al., 1994). In this reaction, SAM is converted to
SAH and metabolized SAH is metabolized into homocysteine by
S-adenosylhomocysteine hydrolase.
Liver is a major organ that metabolizes homocysteine. Methionine
synthase (MS), betaine homocysteine methyltransferase (BHMT) or
cystathionine β-synthase (CβS) change homocysteine into methionine
or cysteine (Figure 4) (Verhoef et al., 2004). First, BHMT metabolizes
homocysteine into methionine by methylating homocysteine using
betaine (Finkelstein, 1990). Secondly, MS metabolizes homocysteine into
methionine using 5-methyltetrahydrofolate (5-methylTHF) as a methyl
donor and vitamin B12 as a cofactor (Seljub J, 1999). Thirdly,
homocysteine is metabolized by trans-sulfuration pathway. CβS
converts homocysteine into cystathionine by using L-serine and
vitamin B6 as a cofactor. Cystathionine is hydrolyzed into cysteine by
cystathionine γ-lyase. Cysteine is then synthesized into glutathione
(GSH) or sulfate or secreted as a urea (Mudd, S.H. et al., 1995).
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Figure 4. Schematic representation of homocysteine metabolism 
(Verhoef et al., 2004)
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1.5. SIRT1
Mammalian silent information regulators (SIRT) have seven isoforms
which belong to the SIRT family. These members have various
subcellular localization and distribution in organs (Nogueiras et al.,
2012). SIRT1 is most well known member of SIRT family and acts as
a NAD+-dependent deacetylase.
SIRT1 is known as one of a key metabolic sensor which regulates
various proteins including transcription factors by its deacetylating
activity (Li, 2013; Chaudhary and Pfluger, 2009; Xie et al., 2013;
Simmons et al., 2015; Guclu et al.). SIRT1 gain of function has been
known to affect vascular function, mitochondria biogenesis,
neurodegenerative disease, diabetes mellitus and lipid metabolism
(Delmas et al., 2005; Lagouge et al., 2006; Marambaud et al., 2005;
Milne et al., 2007; Li et al., 2007).
SIRT1 is widely distributed in metabolic tissues including adipose
tissue, liver, skeletal muscle, brain and kidney. In these tissues, SIRT1
expression is up-regulated by calorie restriction (Figure 5) (Cohen et
al., 2004; Heilbronn et al., 2005; Nisoli et al., 2005; Picard et al., 2004).
In the muscle tissues, resveratrol improved mitochondrial function and
enhanced oxidative capacity in muscle by activating SIRT1 and its
target protein, PGC-1α (Lagouge et al., 2006; Milne et al., 2007).
In the liver, the role of SIRT1 in fatty liver disease was first
identified by liver-specific SIRT1 knockout (KO) models (Purushotham
et al., 2009; Wang et al., 2010). SIRT1 KO mice showed higher lipid
deposition in liver and serum compared with control mice. SIRT1
overexpressing transgenic mouse improved high-fat diet-induced
glucose tolerance, hepatic steatosis, and inflammation compared with
control mouse (Pfluger et al., 2008). Resveratrol and caloric restriction
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also prevented hepatic steatosis by regulating SIRT1 pathway in
high-fat diet-fed animals (Ding et al., 2017; Baur et al., 2006; Lagouge
et al., 2006). In this study, SIRT1 is focused as PHGDH mediated
regulation of lipid metabolism.
Figure 5. Multiple target organs in which SIRT1 activation can 
potentially have effects to treat diseases (Lavu et al., 2008).
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1.6. De novo Serine Synthesis
L-serine can be synthesized by glycolytic metabolite,
3-phosphoglycerate. 3-phosphoglycerate dehydrogenase (PHGDH)
catalyzes first rate-limiting step in de novo serine synthesis. PHGDH
converts 3-phosphoglycerate into 3-phosphohydroxypyruvate using
NAD+ as a cofactor (Ravez et al., 2017). Then,
3-Phosphohydroxypyruvate is metabolized into phosphoserine by
phosphoserine aminotransferase 1 (PSAT-1) and then L-serine is
produced by phosphoserine phosphatase (PSPH). SHMT mediates
serine to glycine conversion (Figure 6).
Although L-serine can be absorbed by dietary intake, L-serine from
biosynthesis plays important roles in many situations. Nigdelioglu et al.
reported that transforming growth factor (TGF)-β promotes de novo
serine synthesis for collagen production. Whether there is serine and
glycine in culture media or not, only de novo synthesis of glycine
from L-serine is sufficient for the production of collagen. Snell et al,
first showed that enzymic imbalance in serine metabolism in rat
hepatomas (Snell et al., 1986) and several studies reported that
PHGDH expression is up-regulated in melanoma and breast cancer
cells (Beroukhim et al., 2010; Locasale et al., 2011; Possemato et al.,
2011).
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Figure 6. Schematic representation of de novo serine synthesis 
pathway and glycolysis.
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1.7. Regulation of PHGDH
PHGDH expression has been known to be regulated by various
molecules including human epidermal growth factor receptor 2 (HER2),
specificity protein 1 (Sp1), nuclear transcription factor Y (NF-Y), G9A,
p53, and erythroid 2-related factor 2 (NRF2).
First, HER2, receptor tyrosine kinase, overexpression increased
PHGDH expression in MCF10A cells by using differential analysis of
time series gene expression (Bollig et al., 2011).
Second, human PHGDH promoter activity was reported to be
positively regulated by the action of transcription factors Sp1 and
NF-Y (Jun et al., 2008). Epigenetic study showed that histone H3
lysine 9 (H3K9) methyltransferase G9A is required for maintaining the
serine-glycine biosynthetic pathway enzyme genes in an active state
marked by H3K9 monomethylation and for the transcriptional
activation in response to serine deprivation (Ding et al., 2013).
Third, Ou et al. reported that PHGDH is a target of p53 in human
melanoma cells (Ou et al., 2015). Upon serine starvation, p53
suppressed PHGDH expression and inhibited de novo serine
biosynthesis and p53-mediated cell death is enhanced dramatically in
response to Nutlin-3 treatment.
Fourth, the transcription factor NRF2 is a key regulator in response
to oxidative stress (Kansanen et al., 2012). Frequently deregulated
NRF2 in non-small cell lung cancer (NSCLC) controls the expression
of the key serine/glycine biosynthetic enzyme genes PHGDH, PSAT1,
and SHMT2 via activating transcription factor 4 (ATF4) to support
macromolecule production (DeNicola et al., 2015).
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1.8. The aim of study
The overall goal of this study is to identify the effect of the L-serine
on improving fatty liver and the role of PHGDH in lipid metabolism
by regulating the synthesis of L-serine.
First, L-serine was significantly reduced in Lieber-DeCarli ethanol in
vivo model in previous study and it is assumed that L-serine can
reverse the fatty liver. In this study, the effect of L-serine on
alcoholic fatty liver disease was identified and the mechanism of
L-serine on fatty liver was also studied focusing on homocysteine
metabolism.
Second, L-serine mediated regulation of fatty liver disease was
studied. We assumed that NAD+ can be produced by L-serine by the
action of lactate dehydrogenase and measured intracellular NAD+ and
the activity of SIRT1, NAD+ using deacetylation enzyme.
Third, the reason why L-serine is decreased in various fatty liver
diseases model was investigated. L-serine can not only be uptaken by
dietary sources but also be synthesized by de novo L-serine synthesis
pathway using glycolytic intermediate, 3-phosphoglycerate. The
expression of enzymes involved in this pathway was measured and the
rate-limiting enzyme, PHGDH, was identified as a key factor for
L-serine mediated lipid metabolism.
Fourth, the regulation of PHGDH is investigated. One of the various
regulators, NRF2 is studied by focusing on its expression and protein
stability.
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II. Materials and Methods
2.1. L-serine effect on alcoholic fatty liver
2.1.1. Cell culture
AML12 was obtained from the American Type Culture Collection
(ATCC, Rockville, MD) and cultured following ATCC guidelines.
Briefly, cells were cultured with growth medium which is DMEM/F12
(Gibco BRL, Grand island, NY) with 0.005 mg/mL insulin, 0.005
mg/mL transferrin, 5 ng/mL selenium (Insulin-Transferrin-Selenium,
Gibco BRL), and 40 ng/mL dexamethasone (Sigma, St. Louis, MO)
containing 10% heat inactivated fetal bovine serum (FBS; Gibco BRL),
50 units/mL of penicillin, and 50 units/mL of streptomycin
(Antibiotic-antimycotic; Gibco BRL).
2.1.2. Nile red assay
AML12 cells were plated into black 96-well plates at a density of 104
cells per well and incubated overnight. Ethanol was treated for 48 hr
with or without L-serine at indicated concentrations. After 48 hr, cells
were fixed in paraformaldehyde containing Hoechst 33258 for 10
minutes at room temperature. Then paraformaldehyde was removed
and cells were washed with Dulbacco’s modified phosphate-buffered
saline (DPBS) twice. DPBS containing nile red solution was added and
incubated for 10 minutes and washed with DPBS. Fluorescence was
measured using a microplated fluorescence reader at the
excitation/emission wavelengths of 470/580 nm. Data were normalized




Animals used in the study were purchased from Japan SLC, Inc.,
housed in an air-conditioned room (24℃) with a 12-h light/dark cycle,
and acclimatized over 1 wk to a nonpurified diet. The experiments
using animals were carried out in accordance with animal experiment
guidelines with the approval of the Institutional Animal Care and Use
Committee of Seoul National University.
2.1.3.1. Binge ethanol study
Male C57BL/6 mice (20 g) were randomly divided into 4 groups:
control (C), binge ethanol + vehicle (EV), binge ethanol + 20 mg/kg
L-serine (ES20), and binge ethanol + 200 mg/kg L-serine (ES200).
They were fed the nonpurified diet throughout the experiments. Three
mice in each group were gavaged with 5 g/kg of ethanol or isocaloric
dextran-maltose 3 times every 12 h. L-Serine dissolved in tap water
was administered twice by oral gavage 30 min before the last 2
ethanol doses, and the mice were killed by cardiac puncture after
Zoletil (10 mg/kg tiletamine, 10 mg/kg zolazepam, ip; Virbac)
anesthesia 24 h after the last dose. The binge ethanol study was
performed twice independently .
2.1.3.2. Chronic ethanol feeding study
Male Wistar rats (250 g) were divided into 3 groups: C, ethanol diet
(E), and ethanol diet + 1% L-serine (ES). The rats were fed a
standard Lieber-DeCarli ethanol diet (36% ethanol-derived calories;
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Dyets) for 4 wk ; pair-fed control rats were administered
dextran-maltose to match the alcohol-derived calories in the ethanol
diet. For pair-feeding, 2 rats were housed in a single cage. The food
intake of each cage in the E group was determined daily between
09:00 and 10:00 h, and the same amount of the food was then given
on the following day to the C and ES groups. Pair-feeding was
conducted throughout the study. The ethanol diet was supplemented
either with or without 1% (wt:vol) L-serine for the last 2 wk.
2.1.4. Histopathologic evaluation
For Oil Red O staining, frozen liver tissues were cut into 7-mm
sections and affixed to microscope slides. Sections were stained with
Oil Red O solution buffer and counter-stained with Harris hematoxylin.
2.1.5. Serum biochemistry
Serum alanine aminotransferase (ALT), aspartate aminotransferase
(AST), TGs, and cholesterol were monitored by standard clinical
chemistry assays on a Tokyo Boeki Prestige 24I Chemistry Analyzer
(Tokyo Boeki Machinery Limited). Serum and cellular total
homocysteine concentrations were quantified by using an Axis
Homocysteine EIA Reagent kit (Axis-Shield) following the
manufacturers‘ protocol with SpectraMax 340 (Molecular Devices).
2.1.6. TG analysis
Liver and cellular TGs were determined by a modified Folch method
by using a Serum Triglyceride Determination kit (Sigma) following the
manufacturers protocol.
- 20 -
2.1.7. Determination of sulfur amino acids and metabolites
Liver homogenates were diluted, and denatured protein was removed
by centrifugation at 10,000 g for 10 min; the supernatant was used to
measure hepatic homocysteine, SAM, SAH, cysteine and GSH. An
HPLC method was used to determine SAM and SAH, and total
homocysteine, total cysteine, and total GSH were quantified by the
7-benzo-2-oxa-1,3-diazole-4-sulfonic acid (SBD-F) method. For
hepatic methionine and cystathionine analysis, liver homogenates were
diluted in ice-cold methanol. They were then derivatized with
O-phthalaldehyde/2-mercaptoethanol and quantified by using an HPLC
(SCL-10A; Shimadzu) system with a fluorescence detector
(RF-10AXL, Ex 385 nm and Em 515 nm; Shimadzu).
2.1.8. RNA interference
AML12 cells were seeded with 2 x 105 cells per well in 6-well plates
in medium containing 10% FBS for 24 h. The cells were transiently
transfected with Ms, Cbs, and Bhmt small interfering RNA (siRNA;
Santa Cruz Biotechnology) by using the Fugene HD Transfection
Reagent (Promega) as recommended by the manufacturers protocol.
After 48 h, the cells were collected for homocysteine and TG
measurement.
2.1.9. Statistical analysis
All results are presented as means ± SDs. Data were evaluated by
student’s t-test or one-way ANOVA followed by Tukey’s multiple
comparison procedure or Dunnett’s post-test. All data were analyzed
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by GraphPad Prism 5 (GraphPad Software).
2.2. L-serine effect on SIRT1 activity
2.2.1. Cell culture
C2C12 mouse skeletal muscle cell and AML12 was obtained from the
American Type Culture Collection (ATCC) and PHGDH KO-MEF cells
were kindly obtained from Dr. Furuya Shigeki from Kyushu university.
Cells were cultured following ATCC guidelines. C2C12 myoblasts were
maintained in DMEM (Gibco BRL) containing 10% FBS and 50and
AML12 cells were cultured with DMEM/F12 containing 0.005 mg/mL
insulin, 0.005 mg/mL transferrin, 5 ng/mL selenium
(Insulin-Transferrin-Selenium, Gibco BRL), and 40 ng/mL
dexamethasone (Sigma) containing 10% FBS and 50 units/mL of
penicillin and streptomycin (Antibiotic-antimycotic; Gibco BRL). To
differentiate myoblast, cells were allowed to reach 90% confluence, and
the media were replaced with 2% horse serum containing DMEM for 6
days. PHGDH KO-MEF cells were cultured with DMEM (Gibco BRL)
containing 10% heat inactivated fetal bovine serum (FBS) and
antibiotic-antimycotic.
2.2.2. NAD+/NADH measurement
Intracellular NAD+ and NAD were determined using NAD+/NADH
Quantitation Colorimetric Kit (Biovision, Milpitas, CA) according to the
manufacturer’s protocols. Briefly, cells were homogenized in 200 μL
acid or alkali extraction buffer to measure NAD+ or NADH. After
extraction, samples were neutralized using the opposite buffer and the
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intracellular NAD and NADH were determined by enzymatic cycling
reactions. The level of nucleotides were normalized by cellular protein
concentrations.
2.2.3. PGC-1α deacetylation assay
To determine PGC-1α acetylation level, immunoprecipitation (IP) was
performed using specific antibodies against acetyl-lysine (Cell signaling
Technology) for overnight and subjected to bind protein G agarose
bead (Thermo Fisher Scientific, Waltham, MA). Immunoprecipitated
beads were washed with IP buffer three times and mixed with sample
buffer. After centrifugation, supernatant was used for western blot
analysis and PGC-1 antibody was conjugated. After overnight
incubation, HRP-conjugated secondary anti-rabbit antibody were added
for 2 hr and protein level was determined.
2.2.4. RNA interference
Differentiated C2C12 myotubes were transiently transfected with Ldh
small interfering RNA (siRNA; Cell signaling) by using Lipofectamine®
RNAiMax Reagent (Thermo Fischer Scientific) as recommended by the
manufacturers protocol.
2.2.5. Quantitative Real-time Polymerase Chain Reaction
(qRT-PCR)
For qRT-PCR, total RNA was prepared from animal livers or C2C12
myotubes using Easy-BlueTM Total RNA Extraction Kit (Intron
Biotechnology, Seoul, Korea). After RNA extraction, cDNA was
produced using QuantiTect Reverse Transcription Kit (Qiagen, Hilden,
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Germany). The resulting cDNA was amplified by qRT-PCR using
iTaqTM Universal SYBR® Green Supermix Kit (Bio-rad, Hercules, CA)
in a SteponeTM Real-Time PCR System (Applied Biosystems. Seoul,
Korea).
2.2.6. Mitotracker Red staining
C2C12 myotubes differentiated in 96 black well plates are stained by
MitoTracker® red dye. Cells were added warmed staining media
containing MitoTracker® Red CMXRos probe (Invitrogen, Carlsbad,
CA) for 30 minutes. Then, cells were washed with fresh growth media
and incubated with 4% formaldehyde containing Hoechst33258
(Invitrogen) for 10 minutes. After fixation, cells were rinsed twice with
DPBS and analyzed by fluorescence detection.
2.2.7. Mitochondrial DNA quantification
Genomic DNA was extracted by QIAamp® DNA Mini Kit (Qiagen)
from C2C12 myocytes. To quantify mtDNA, cytochrome b primers was
used and to quantify nuclear DNA, 18s rRNA primers were used.
2.2.8. ATP measurements
C2C12 myotubes differentiated in a 96 white well plate and after 24
hr L-serine treatment, the plate was incubated at room temperature
for 30 minutes and added with CellTiter-Glo® in 100 μL per well.
After mixing contents, luminescence was detected by Centro LB960
luminometer.
2.2.9. Oxygen consumption ratio (OCR) measurements
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OCR was measured using Extracellular Flux Analyzers XFp (Agilent
Technologies, Santa Clara, CA). C2C12 differentiated in XFp cell
culture miniplates were treated with L-serine, fatty acids, and
resveratrol were washed twice with assay media and incubated in a
CO2 free incubator at 37℃ 30 minutes prior to the assay. After
incubation, the culture plate and drug catridge were injected according
to the XFp analyzers.
2.2.10. Nile red assay
After treatment, C2C12 myotubes were fixed in paraformaldehyde
containing Hoechst 33258 for 10 minutes at room temperature. Then
paraformaldehyde was removed and cells were washed with Dulbacco’s
modified phosphate-buffered saline (DPBS) twice. DPBS containing nile
red solution was added and incubated for 10 minutes and washed with
DPBS. Fluorescence was measured using a microplated fluorexcence
reader at the excitation/emission wavelengths of 470/580 nm. Data was
normalized by Hoechst 33258 determined at the excitation/emission
wavelengths of 365/488 nm.
2.2.11. Western blot analysis
Western blotting was basically performed by established procedures
using specific antibodies against pAkt, Akt, GLUT4, APTase and β
-Actin (Cell signaling Technology, Beverly, MA) and HRP-conjugated




To confirm GLUT4 membrane translocation, subcellular fractionation
was performed according to Li et al (Braz J Med Biol Res, 2015).
Cells were washed with cold DPBS twice and suspended in cold
sample preparation buffer, sonicated, and centrifuged at 100,000 g for 1
hr at 4 ℃. Supernatant was removed and remained pellet was
resuspended in 0.5% Triton X added homogenization buffer and
incubated on ice for 1 hr. After centrifuge, the supernatant was kept
as the plasma membrane fraction.
2.2.13. Statistical analysis
All results are presented as means ± SDs. Data were evaluated by
student’s t-test or one-way ANOVA followed by Tukey’s multiple
comparison procedure or Dunnett’s post-test. All data were analyzed
by GraphPad Prism 5 (GraphPad Software).
2.3. Down-regulation of PHGDH in fatty liver
disease.
2.3.1. Animal experiments
Animals used in the study were purchased from Japan SLC, Inc.
housed in an air-conditioned room (24℃) with a 12-h light/dark cycle,
and acclimatized over 1 wk to a nonpurified diet. The experiments
using animals were carried out in accordance with animal experiment
guidelines with the approval of the Institutional Animal Care and Use
Committee of Seoul National University.
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2.3.1.1. Chronic ethanol feeding study
Male Wistar rats (250 g) were fed a standard Lieber-DeCarli ethanol
diet (36% ethanol-derived calories; Dyets) for 4 wk ; pair-fed control
rats were administered dextran-maltose to match the alcohol-derived
calories in the ethanol diet. For pair-feeding, 2 rats were housed in a
single cage. The food intake of each cage in the ethanol group was
determined daily between 09:00 and 10:00 h, and the same amount of
the food was then given on the following day to the C and ES
groups. Pair-feeding was conducted throughout the study.
2.3.1.2. High-fat diet study
Male C57BL/6 mice were purchased from SLC Inc. (Hamamatsu,
Japan) and housed in an air-conditioned room (24 °C) with a 12 h
light/dark cycle. Mice were fed with lard-based high fat diet (60% of
calories derived from fat; Research Diets, Inc., NJ, USA) for 6 weeks.
Pair-feeding was conducted throughout the study.
2.3.1.3. Methionine-choline deficient (MCD) diet study
Male C57BL/6 mice were purchased from SLC Inc. (Hamamatsu,
Japan) and housed in an air-conditioned room (24 °C) with a 12 h
light/dark cycle. Mice were fed with methionine choline deficient diet
(Research Diets, Inc., NJ, USA) for 4 weeks. pair-fed control mice
were administered dextran-maltose to match the alcohol-derived
calories in the ethanol diet.Pair-feeding was conducted throughout the
study.
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2.3.2. Quantitative Real-time Polymerase Chain Reaction
(qRT-PCR)
For qRT-PCR, total RNA was prepared from animal livers or C2C12
myotubes using Easy-BlueTM Total RNA Extraction Kit (Intron
Biotechnology). After RNA extraction, cDNA was produced using
QuantiTect Reverse Transcription Kit (Qiagen). The resulting cDNA
was amplified by qRT-PCR using iTaqTM Universal SYBR® Green
Supermix Kit (Bio-rad) in a SteponeTM Real-Time PCR System
(Applied Biosystems. Seoul, Korea).
2.3.3. Primary hepatocyte isolation
Primary hepatocytes were isolated by a two-step collagenase
perfusion as dexcribed previously (LeCluyse et al., 1996). Briefly, after
anesthesia, abdominal cavitiy of mouse was opened and portal vein
was cannulated with catheter and perfused with Hank’s balanced salt
solution (HBSS; Gibco BRL). As soon as the liver is swelling, inferior
vena cava was cut. When the blood from the liver is completely
removed, CaCl2 solution containing collagenase was perfused. After
collagen perfusion, the liver was extracted and hepatocytes were
suspended in digestion media. The suspension was sieved and
centrifuged and cell pellet was washed twice with culture media. Cell
viability was determined by trypan blue exclusion and cells were used
when 90-95% cell viability was confirmed. Cells were incubated in a
37°C incubator in an atmosphere of 5 % CO2 in air.
2.3.4. Western blot analysis
Western blotting was basically performed by established procedures
- 28 -
using specific antibodies against PHGDH and β-Actin (Cell signaling
Technology, Beverly, MA) and HRP-conjugated secondary anti-rabbit
or anti-mouse antibody (Cell Signaling Technology).
2.3.5. Clinical data from fatty liver disease patients
Serum from twenty control group and sixty-eight fatty liver disease
patients were provided by Dr. Dae Won Jun from Hanyang University
college of medicine and serum amino acid analysis was performed by
Sang Kyum Kim from Chungnam National University. Data were
provided by nd analyzed with GraphPad Prism 5 (GraphPad Software).
2.3.6. Cell culture
AML12 was obtained from the American Type Culture Collection
(ATCC) and PHGDH KO-MEF cells were kindly obtained from Dr.
Furuya Shigeki from Kyushu university. Cells were cultured following
ATCC guidelines. Briefly, AML12 cells were cultured with DMEM/F12
containing 0.005 mg/mL insulin, 0.005 mg/mL transferrin, 5 ng/mL
selenium (Insulin-Transferrin-Selenium, Gibco BRL), and 40 ng/mL
dexamethasone (Sigma) containing 10% heat inactivated fetal bovine
serum (FBS; Gibco BRL), 50 units/mL of penicillin, and 50 units/mL
of penicillin and streptomycin (Antibiotic-antimycotic; Gibco BRL).
PHGDH KO-MEF cells were cultured with DMEM (Gibco BRL)




Intracellular NAD+ and NAD were determined using NAD+/NADH
Quantitation Colorimetric Kit (Biovision, Milpitas, CA) according to the
manufacturer’s protocols. Briefly, cells were homogenized in 200 μL
acid or alkali extraction buffer to measure NAD+ or NADH. After
extraction, samples were neutralized using the opposite buffer and the
intracellular NAD+ and NADH were determined by enzymatic cycling
reactions. The level of nucleotides were normalized by cellular protein
concentrations.
2.3.8. PGC-1α deacetylation assay
To determine PGC-1α acetylation level, immunoprecipitation (IP) was
performed using specific antibodies against acetyl-lysine (Cell signaling
Technology) for overnight and subjected to bind protein G agarose
bead (Thermo Fisher Scientific). Immunoprecipitated beads were
washed with IP buffer three times and mixed with sample buffer.
After centrifugation, supernatant was used for western blot analysis
and PGC-1 antibody was conjugated. After overnight incubation,
HRP-conjugated secondary anti-rabbit antibody were added for 2 hr
and protein level was determined.
2.3.9. Nile red assay and TG analysis
Cells were plated into black 96-well plates and after treatment, cells
were fixed in paraformaldehyde containing Hoechst 33258 for 10
minutes at room temperature. Then paraformaldehyde was removed
and cells were washed with DPBS twice. DPBS containing nile red
solution was added and incubated for 10 minutes and washed with
DPBS. Fluorescence was measured using a microplated fluorexcence
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reader at the excitation/emission wavelengths of 470/580 nm. Data was
normalized by Hoechst 33258 determined at the excitation/emission
wavelengths of 365/488 nm.
Cellular TGs were determined by a modified Folch method by using
a Serum Triglyceride Determination kit (Sigma) following the
manufacturers protocol.
2.3.10. Transient transfection and RNA interference
Cells were transfected with PHGDH expression vector using
Lipofectamine 2000 (Invitrogen) as recommended by the manufacturer’s
protocol. For RNA interference, cells were seeded with 2 x 105 cells
per well in 6 well plates in medium containing 10% FBS for 24 h.
The cells were transiently transfected with Phgdh siRNA (Cell
signaling) by using Lipofectamine® RNAiMax Reagent (Thermo
Fischer Scientific) as recommended by the manufacturers protocol.
2.3.11. Statistical analysis
All results are presented as means ± SDs. Data were evaluated by
student’s t-test or one-way ANOVA followed by Tukey’s multiple
comparison procedure or Dunnett’s post-test. All data were analyzed
by GraphPad Prism 5 (GraphPad Software).
2.4. The mechanism of regulating PHGDH
2.4.1. Bisulfite conversion
DNA was prepared by QIAamp® DNA Mini Kit (Qiagen) from cells
- 31 -
and tissues. Bisulfite conversion of DNA was performed using EpiTect
Bisulfite Conversion Kit by manufacturer’s protocol. Briefly, DNA was
prepared with bisulfite reaction mixture through denaturation procedure.
Bisulfited DNA was centrifuged and washed with washing buffer and
eluted with DNA spin column and elution buffer. Eluted bisulfite
converted DNA was amplified by specific primers.
2.4.2. Histone H3 and H4 acetylation assay
For the measurement of global histone H3 and H4 acetylation from
cells and tissues, histone H3 and H4 acetylation assay kit (Abcam)
was used by manufcaturer’s protocols. Briefly, cell lysis and tissue
disaggregation were performed by lysis buffer. By incubating
extraction buffer/glycerol solution, extracted histone was coated onto
assay wells. After washing, capture antibody and detection antibody
was added. By treating developing solution, color was developed and
absorbance was measured.
2.4.3. Western blot analysis
Western blotting was basically performed by established procedures
using specific antibodies against PHGDH, Ace-H3K9, NRF2 and β
-Actin (Cell signaling Technology, Beverly, MA) and HRP-conjugated
secondary anti-rabbit or anti-mouse antibody (Cell Signaling
Technology).
2.4.4. Statistical analysis
All results are presented as means ± SDs. Data were evaluated by
student’s t-test or one-way ANOVA followed by Tukey’s multiple
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comparison procedure or Dunnett’s post-test. All data were analyzed
by GraphPad Prism 5 (GraphPad Software).
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III. Results
3.1. L-serine reverses alcoholic fatty liver
3.1.1. L-serine decreased ethanol-induced lipid
accumulation
Previous study revealed that hepatic L-serine was significantly
decreased in alcoholic liver disease model. First, L-serine was treated
with ethanol in AML12 cells to identify the effect of L-serine on lipid
accumulation. Ethanol treatment increased intracellular lipid about 2
fold and L-serine reversed lipid staining concentration-dependently
(Figure 7).
To confirm the effects of L-serine in vivo, mouse ethanol binge
model was used. Oil red O staining revealed that 3 times of ethanol
gavage caused fatty liver and L-serine decreased lipid accumulation.
200 mg/kg of L-serine decreased ALT, which is a biomarker of liver
dysfunction and hepatic TG (Figure 8). Next, the effect of L-serine
was identified in chronic ethanol model. Rats were fed with
Lieber-DeCarli ethanol diet to induce fatty liver and L-serine was
treated last 2 weeks of ethanol diet. Lieber-DeCarli ethanol diet
significantly increased lipid droplets and serum ALT. L-serine
decreased these effects dose-dependently (Figure 9).
The decreased concentrations of SAM and GSH observed in the
ethanol group were completely recovered in the L-serine treated rat
group. As a result, the SAM:SAH ratio was also restored in the
L-serine group (Table 3).
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Figure 7. Nile red staining of ethanol-treated AML12 cells.
AML12 cells were treated with 100 mM ethanol with or
without indicated concentrations of L-serine for 48 hr.
Microscopic images of cells were shown in left panel. Right
panel shows the quantification of nile red staining. Values in
graph are means ± SDs, n = 3 of three independent experiments.
Within each graph, * represents significance (*; P < 0.05)
relative to the control group; # represents significance (#; P <
0.05) relative to the ethanol group. Statistical analysis was
performed by using one-way ANOVA with Tukey’s
multiple-comparison procedure.
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Figure 8. L-serine ameliorates binge ethanol induced fatty
liver.
Binge ethanol feeding was performed as described in Materials
and Methods section. Graphical protocol was described in (A).
Below are Oil red O staining of the livers (B), hepatic TG (C)
and serum ALT (D) in the binge ethanol study. Values in panels
C-D are means ± SDs, n = 3 mice per group. Within each graph,
* represents significance (*; P < 0.05) relative to the control
group; # represents significance (#; P < 0.05) relative to the
ethanol group. Statistical analysis was performed by using
one-way ANOVA with Tukey’s multiple-comparison procedure.
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Figure 9. L-serine ameliorates chronic ethanol
feeding-induced fatty liver.
Chronic ethanol feeding by Lieber-DeCarli ethanol diet was
performed as described in Materials and Methods section.
Graphical protocol is described in left upper panel (A). Below are
Oil red O staining of the livers (B), hepatic TG (C) and serum
ALT (D) in the chronic ethanol feeding study. Values in panels
C-D are means ± SDs, n = 8~10 rats per group. Within each
graph, * represents significance (*; P < 0.05) relative to the
control group; # represents significance (#; P < 0.05) relative to
the ethanol group. Statistical analysis was performed by using
one-way ANOVA with Tukey’s multiple-comparison procedure.
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Table 3. Concentrations of sulfur amino acids and metabolites in
the liver obtained from binge ethanol study and chronic ethanol
feeding study.







Cysteine 287±52.8 277±157 404±178 408±323 584±98.9 488±92.4 494±151
SAM 59.3±29.5 25.2±23.6 45.3±22.4 50.1±15.9 54.8±3.4 28.4±3.5* 55.1±8.8#
SAH 26.2±0.5 31.1±12.9 25.4±3.4 34.7±5.2 19.5±3.9 21.8±1.1 17.1±0.7
SAM:SAH 2.31±1.1 1.0±1.1 1.9±1.1 1.5±0.7 2.9±0.6 1.3±0.1* 3.2±0.4#
Methionine 670±175 733±391 427±91.1 627±165 1380±398 924±356 812±147
Cystathionine 39.6±4.7 24.4±1.5 27.9±14.6 25.9±6.2 30.9±6.7 14.6±1.9* 18.3±3.4
GSH 6.6±1.3 6.0±3.4 8.8±0.6 8.9±0.5 7.7±0.5 6.2±0.4* 8.1±0.7#
Values are means ± SDs, n = 3 mice and rats per group. Data were
analyzed by 1-way ANOVA followed by Tukey’s multiple comparison
procedure. Homocysteine in rat liver and cystathionine in mouse liver were
analyzed by Kurskal-Wallis test because of unequal variance. * represents
significance (* ; P < 0.05) relative to the control and # represents
significance (# ; P < 0.05) relative to the ethanol group.
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3.1.2. L-serine inhibited homocysteine by MS and
CβS-dependent homocysteine metabolism
L-serine is used as a precursor of one-carbon donor. Homocysteine is
known to induce fatty liver disease and trans-methylation pathway is
important in metabolizing homocysteine. To identify whether the effect
of L-serine on alcoholic fatty liver is associated with homocysteine
metabolism, homocysteine or methionine treated in vitro model was
used. When AML12 cells were treated with homocysteine or
methionine, intracellular homocysteine and lipid accumulation were
observed. L-serine reversed homocysteine- or methionine-induced
up-regulated homocysteine and lipid levels (Figure 10).
Homocysteine metabolism is achieved by three enzymes including
MS, CβS, and BHMT which convert homocysteine to methionine or
cysteine via trans-methylation or trans-sulfuration pathway. To
identify which enzyme is related with L-serine effect on homocysteine
and lipid accumulation, siRNA knockdown experiment was performed.
When each enzyme of homocysteine metabolism was blocked with
siRNA, homocysteine and lipid accumulation were increased and
L-serine reversed these effects only when BHMT was knockdown.
When MS and CβS expression was blocked, L-serine had no effect on
homocysteine and lipid accumulation. These results imply that MS and
CβS use L-serine to metabolize homocysteine (Figure 11).
To confirm these in vitro effects of L-serine on in vivo, the serum
and hepatic levels of homocysteine of binge ethanol treated mice and
chronic Lieber-DeCarli ethanol diet treated rats were investigated.
L-serine significantly and dose-dependently decreased homocysteine in
the serum and livers (Figure 12).
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Figure 10. L-serine lowered homocysteine and lipid in
AML12 cells.
Intracellular total homocysteine (A) and TG (B) concentrations
in homocysteine (5 mM) or methionine (5 mM)-treated AML12
cells in the absence or presence of L-serine (1 mg/mL) for 24 hr.
Homocysteine and TG concentrations were normalized by
intracellular proteins. Values are means ± SDs, n = 3 (means of
triplicates). Within each graph, * represents significance (*; P <
0.05) relative to the control group; # represents significance (#; P
< 0.05) relative to the homocysteine or methionine group.
Statistical analysis was performed by using 2-way ANOVA with
Bonferroni’s multiple-comparison procedure.
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Figure 11. L-serine decreased homocysteine and TG on homocysteine
only when MS and/or CβS activity are intact.
Intracellular total homocysteine and TGs in Bhmt-, Cbs-, or
Ms-siRNA transfected AML12 cells (A, C) and Ms/Cbs-siRNA
co-transfected AML12 cells (B, D) in the absence or presence of
L-serine (1 mg/mL). Homocysteine and TG concentrations were
normalized by intracellular proteins. Values are means ± SDs, n = 3
(means of triplicates). Within each graph, ** and *** represent
significance (**; P < 0.01, ***; P < 0.001) relative to the control
group; # and ## represent significance (#; P < 0.05, ##; P < 0.01). ns
means ‘not significant’. Statistical analysis was performed by using
2-way ANOVA with Bonferroni’s multiple-comparison procedure.
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Figure 12. L-serine decreased serum and hepatic homocysteine in binge
ethanol and chronic ethanol model.
Serum total homocysteine and hepatic homocysteine in the binge ethanol (A, B) and
the chronic ethanol (C, D) study. Values are means ± SDs, n = 3 mice or 8~10 rats
per group. Within each graph, * represents significance (*; P < 0.05) relative to the
control group; # represents significance (#; P < 0.05) relative to the ethanol group.
Statistical analysis was performed by using one-way ANOVA with Tukey’s
multiple-comparison procedure.
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3.2. L-serine up-regulates SIRT1 activity
3.2.1. L-serine increases intracellular NAD+ by
lactate dehydrogenase and SIRT1 activity.
To investigate whether L-serine can increase NAD+ and up-regulate
SIRT1 activity, C2C12 myocytes which highly express SIRT1 and
have active metabolic capacity were treated with L-serine. After 24 hr
treatment, intracellular NAD+ and the acetylation of PGC-1α was
detected. Because PGC-1α is a substrate of SIRT1, PGC-1α can be
deacetylated by the increasing activity of SIRT1. As a result, L-serine
increased NAD+ and deacetylated PGC-1α concentration-dependently
which implies up-regulated SIRT1 activity (Figure 13).
To find how L-serine can increase NAD+, lactate dehydrogenase
(LDH) activity was blocked by sodium oxamate or si-Ldh transfection.
LDH inhibition by both sodium oxamate and si-Ldh reversed L-serine
induced increase in NAD+ and SIRT1 activity (Figure 14).
These results showed that L-serine can increase intracellular NAD+
by lactate dehydrogenase and SiRT1 activity.
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Figure 13. L-serine up-regulates intracellular NAD+ and
SIRT1 activity.
L-serine was treated at the indicated concentrations in C2C12
myotubes for 24 hr. Intracellular NAD+ and NADH were
measured (A). C2C12 myotubes were treated with L-serine
(suggested concentrations) for 24 hr and 50 μM resveratrol
(RSV) for 6 hr. Then, acetylation status of PGC-1α was
measured using immunoprecipitation and quantification graph is
suggested below (B). Values are means ± SDs, n = 3 of three
independent experiments. * and ** represent significance (*; P
< 0.05, **; P < 0.01) relative to the control group using
one-way ANOVA with Dunnett’s post tests.
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Figure 14. L-serine mediated increases in NAD+ and SIRT1
activity are mediated by lactate dehydrogenase.
L-serine and sodium oxamate (SOX) were treated in C2C12
myotubes for 24 hr. Intracellular NAD+ and NADH (A) and the
acetylation status of PGC-1α (B) were measured. C2C12
myotubes were transfected with si-Ldh and 5 mg/mL L-serine
was treated for 24 hr. Then, intracellular NAD+ and NADH (C)
and the acetylation status of PGC-1α was measured using
immunoprecipitation (D). Values are means ± SDs, n = 3 of
three independent experiments. * represents significance (*; P <
0.05) relative to the control and # represents significance (#; P <
0.05) relative to the L-serine treatment group using one-way
ANOVA with Tukey’s post tests.
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3.2.2. L-serine up-regulates mitochondrial mass
and function.
PGC-1α is a major regulator of mitochondrial biogenesis. Because
increased deacetylation of PGC-1α by SIRT1 results in up-regulated
PGC-1α activity, L-serine effect on the mitochondrial gene expression
was confirmed by real-time PCR. Cytochrome c, ATP synthase
subunit β, and Tfam gene expression were increased by L-serine and
mitochondrial mass, which was detected by Mitotracker red, was also
up-regulated. As a result, mitochondrial function was also improved
which was detected by measuring intracellular ATP levels and oxygen
consumption rate (Figure 15).
SIRT1 also has anti-steatotic effect by inhibiting fatty acid synthesis
and increasing lipid β-oxidation. To find SIRT1 activating effect of
L-serine on lipid β-oxidation, oleic acid-induced lipid accumulation and
L-serine mediated oxygen consumption ratio were measured. As a
result, L-serine concentration-dependently decreased oleic acid-induced
intracellular triglyceride level and up-regulated oxygen consumption
ratio (Figure 16).
SIRT1 is one of a key metabolic regulator and known to improve
insulin resistance and fatty liver (Schenk et al., 2011; Colak et al.,
2011). To identify whether L-serine has insulin sensitizing effect, in
vitro model which uses palmitic acid as a insulin resistance inducer
was used. Palmitic acid reduced the phosphorylation status of Akt and
translocation of GLUT4, which is a major glucose transporter in
muscle tissues. L-serine reversed the phosphorylation status of Akt
and also increased GLUT4 membrane translocation (Figure 17).
EX-527, which is known as a SIRT1 inhibitor, blocked L-serine
induced phosphorylation of Akt.
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Figure 15. L-serine increases mitochondrial mass and
function.
C2C12 myotubes were treated with L-serine at the indicated
concentrations for 24 hr and 50 μM RSV for 6 hr. Total RNA
was extracted from cells and mitochondrial gene expression was
analyzed by real-time PCR (A). Mitochondrial mass was analyzed
by Mitotracker red and mtDNA copy number (B). Mitochondrial
function was measured by measuring intracellular ATP levels (C)
and oxygen consumption ratio (OCR) (D). Values in are means ±
SDs, n = 3 of three independent experiments. *, ** and ***
represent significance (*; P < 0.05, **; P < 0.01, ***; P < 0.001)
relative to the control group using one-way ANOVA with
Dunnett’s post tests.
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Figure 16. L-serine ameliorates oleic-acid induced lipid
accumulation.
C2C12 myotubes were treated with indicated concentrations of
L-serine for 24 hr and 50 uM resveratrol for 6 hr. Total RNA
was extracted and cpt1α and lcad mRNA levels were measured
by real-time PCR (A). C2C12 myotubes were treated with 250
uM oleic acid and 5 mg/mL L-serine and OCR was measured
using Seahorse Bioscience XFp analyzer (B). C2C12 myotubes
were treated with 250 uM oleic acid and indicated concentrations
of L-serine and 50 uM resveratrol. Intracellular lipid droplets
were quantitatively determined using nile red assay (C) and
microscopic images were confirmed (D). Values in are means ±
SDs, n = 3 of three independent experiments. *, ** and ***
represent significance (*; P < 0.05, **; P < 0.01, ***; P <
0.001) relative to the control and #, and ## represent significance
(#; P < 0.05, ##; P < 0.01) relative to the oleic acid group using
one-way ANOVA with Tukey’s post tests.
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Figure 17. L-serine improved insulin resistance in vitro
C2C12 myoblasts were differentiated into myotubes and treated with 5 mg/mL
L-serine in the absence or presence of EX-527 with 250 μM palmitic acid for 24
hr. After treatment, insulin (100 nM) was incubated for 20 minutes. Protein
extracts were prepared from cell lysates and western blotting was performed to
measure the levels of pAkt, Akt and B-Actin. Right panel shows the band
densities determined using an image analysis system and expressed as percentages
of the control (A). Total cell lysates were collected and subjected to subcellular
fractionation as described in Materials and Methods. The protein levels of GLUT4,
ATPase, and GAPDH were measured by western blotting. Right panel shows the
band densities of GLUT4 in membrane fraction determined using an image analysis
system and expressed as percentages of the control. Western blot images are
representative of three independent experiments. Values are means ± SDs, n = 3 of
three independent experiments. * and *** represent significance (*; P < 0.05, ***;
P < 0.001) relative to the insulin group. #, and ### represent significance (#; P <
0.05, ###; P < 0.001) relative to the insulin+palmitate group. $$ represents
significance ($$; P < 0.01). Statistical analysis was performed using one-way
ANOVA with Tukey’s post tests.
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3.3. PHGDH, a rate-limiting enzyme in de novo
serine synthesis, is down-regulated in fatty liver
disease.
3.3.1. Hepatic L-serine synthesizing enzyme
expression and L-serine level in vivo and in vitro
disease model.
L-serine can be not only uptaken by dietary supply but also
synthesized through de novo synthesis. To identify whether L-serine
is decreased because of decreased de novo synthesizing L-serine in
the liver, the expression of enzymes which are involved in de novo
serine synthesis was investigated in the livers from 4 weeks of
Lieber-DeCarli ethanol diet treated rats, 6 weeks of high-fat (HF) diet
fed mice, and 4 weeks of methionine-choline deficient (MCD) diet fed
mice. The expression of 3-phosphoglycerate dehydrogenase (PHGDH),
which regulates the first step of L-serine synthesis, was significantly
reduced in chronic ethanol, HF diet, and MCD diet induced fatty liver
disease models (Figure 18). The down-regulated enzyme of L-serine
synthesis enzyme results in the reduction of hepatic L-serine levels in
Lieber-DeCarli ethanol diet-fed rats and HF diet-fed mice except MCD
diet-fed mice (Figure 18).
PHGDH expression was also identified from in vitro model. Isolated
hepatocytes were treated with ethanol or the mixture of free fatty
acids (FFA; oleic acid:palmitic acid = 2:1). Ethanol and FFA treatment
significantly decreased the mRNA and protein expression of PHGDH
(Figure 19).
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Figure 18. L-serine synthesizing enzyme, PHGDH expression and
hepatic L-serine is decreased in pathological fatty liver model.
mRNA level of L-serine synthesis enzymes including phgdh, psph, and
shmt1 in the livers and hepatic L-serine were measured in the chronic
ethanol study (A, B), HF diet study (C, D), and MCD diet study (E, F).
Values are means ± SDs, n = 8 rats in chronic ethanol study, n = 8
mice in HF diet study, and n = 5 mice in MCD diet study per group.
Within each graph, *, **, and *** represent significance (* ; P < 0.05,
** ; P < 0.01, *** ; P < 0.001) relative to the control group using
student’s t-test.
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Figure 19. The expression of PHGDH was reduced by free
fatty acid and ethanol treatment.
The mRNA level and protein expression of PHGDH in mouse
primary hepatocytes were determined after 24 hr treatment of
FFA (A, B) and ethanol (C, D). Values are means ± SDs of
three independent experiments. Within each graph, *, ** and ***
represent significance (* ; P < 0.05, ** ; P < 0.01, *** ; P <
0.001) relative to the control group using student’s t-test in (A)
and (C) and one-way ANOVA with Dunnett’s post tests in (B)
and (D).
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3.3.2. Sphingolipids and ceramides level was
affected in fatty liver disease.
L-Serine and palmitoyl CoA are condensed into sphinganine (SA) and
L-serine deficiency was reported to elicit intracellular accumulation of
cytotoxic deoxysphingolipids, including deoxysphinganine (doxSA), and
deoxymethylsphinganine (doxmeSA) which are produced by palmitoyl
CoA with alanine and glycine instead of L-serine (Esaki et al., 2015).
To find whether L-serine deficiency in Phgdh-KO MEF cells leads to
accumulate cytotoxic sphingolipids. As reported, doxSA and
deoxysphingosine (doxSO) are increased by L-serine deficiency, but
SA and SO (sphingosine) are decreased by L-serine deficiency (Figure
20).
These sphingolipids and ceramides are also analyzed in the livers
from in vivo models. Deoxyceramide (doxCer) and
deoxydihydroceramide (doxDHCer) which are abnormal form of
ceramides, which are produced from doxSA, were increased in chronic
ethanol model (Figure 21) implying correlation between decreased
PHGDH function and increased abnormal ceramides. But in HF diet
model, doxSA and doxCer level were decreased (Figure 22).
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Figure 20. Deoxysphingolipids were increased in Phgdh-KO
MEF cell.
Phgdh-KO MEF cells were incubated in L-serine sufficient
control media or L-serine deficient media for 24 hr. After
incubation, cell lysates were collected and doxSA (A), doxSO
(B), SA (C), and SO (D) were analyzed by LC/MS.
Chromatograms were presented at left side and area under the
curve (AUC) were calculated on right panel.
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Figure 21. Chronic ethanol feeding increased deoxy-form
of ceramides.
Sphingolipids (sphinganine (SA) and sphingosine (SO)) and
Ceramides (deoxyceramide (doxCer), deoxydihydroceramide
(doxDHCer), Ceramide (Cer), Dihydroceramide (DHCer),
hexosylceramide (HexCer), hexosyldihydroceramide (HexDHCer),
hydroxyceramide (HCer), and glucosylhydroxylceramide
(GHCer)) were analyzed from the livers from chronic ethanol
diet-fed rats. Values are means ± SDs, n = 8 rats per group.
Within each graph, * and *** represent significance (* ; P <
0.05, *** ; P < 0.001) relative to the control group using
student’s t-test.
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Figure 22. High-fat diet feeding decreased deoxy-form of sphingolipid
and ceramide.
Sphingolipids (deoxysphinganine (doxSA), sphinganine (SA), and sphingosine
(SO)) and Ceramides (deoxyceramide (doxCer), deoxydihydroceramide
(doxDHCer), ceramide (Cer), dihydroceramide (DHCer), hexosylceramide
(HexCer), hexosyldihydroceramide (HexDHCer), hydroxyceramide (HCer), and
glucosylhydroxylceramide (GHCer)) were analyzed from the livers from HF
diet-fed mice. Values are means ± SDs, n = 9-10 mice per group. Within
each graph, *, **, and *** represent significance (* ; P < 0.05, ** ; P <
0.01, *** ; P < 0.001) relative to the control group using student’s t-test.
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3.3.3. Hepatic L-serine synthesizing enzyme
expression and L-serine level in clinical patients.
To identify whether these in vitro and in vivo effects are shown
clinically, first microarray data analysis was performed. GEO analysis
showed that the expression of PHGDH in alcoholic steatohepatitis,
non-alcoholic fatty liver patients and HBV-related non-alcoholic
advanced fibrosis patients was significantly decreased (Figure 23).
And then, we measured the serum amino acid level of 20 control
groups and 68 fatty liver disease patients. Serum L-serine was
significantly reduced in fatty liver disease patients and the fat
deposition analyzed by MRI was negatively correlated with serum
L-serine level (Figure 24). The serum biomarkers of liver, kidney
functions and glucose, lipid metabolism were also analyzed and some
of these markers, including ALT and triglycerides are found to be
negatively correlated with serum L-serine (Figure 25).
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Figure 23. Microarray data analysis showed down-regulation of
serine synthesis pathway in human fatty liver disease.
GEO dataset was analyzed to find statistical difference in the
expression of serine synthesis pathway enzyme between healthy
patients and fatty liver diseases patients. The volcano plot shows
false discovery rate (FDR) adjusted P value versus log value for fold
changes (log2FC) of gene enrichment. Genes associated with serine
synthesis pathway are plotted in orange dots. Horizontal blue line
indicates significance cut-off (Adjusted p value < 0.05). Right panel in
(A), (B) and (C) shows fold change of Phgdh in each group. *, **,
and *** represent significance (* ; P <0.05, ** ; P < 0.01, *** ; P
<0.001).
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Figure 24. The serum L-serine was reduced in fatty liver disease
patients and negatively correlated with fat fraction.
Serum amino acids were detected in 51 controls and 68 fatty liver
disease patients (A). P value was suggested relative to the control
group using student’s t-test. Serum L-serine and MRI determined fat
fraction were analyzed by correlation analysis (B). Pearson R value
and p value were suggested.
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Figure 25. Serum L-serine is negatively correlated with
serum ALT and TG in fatty liver disease patients.
The relationship between serum L-serine and several clinical
biomarkers representing liver functions (A), lipid metabolism (B),
kidney function (C) and glucose metabolism (D) was suggested
by correlation analysis. Pearson R value and p value were
suggested (N.S means not significant).
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3.3.4. Up-regulation of L-serine and PHGDH
function reverses lipid metabolism.
Because the lowered expression of PHGDH and synthesis of L-serine
were confirmed in disease models and clinical patients, we assumed
that FFA or L-serine deficiency may reduce L-serine level, and
decreased L-serine may result in down-regulation of intracellular
NAD+. FFA and L-serine deficiency condition decreased NAD+ and
this effect was reversed by additional L-serine treatment (Figure 26).
The deacetylation status of PGC-1α, implying SIRT1 activity, was
decreased by L-serine deficient condition in PHGDH KO-MEF cells
and the increased L-serine by transfection of PHGDH vector reversed
this effect (Figure 26).
Then, the up-regulation of L-serine by amplification of PHGDH
function on lipid metabolism in vitro disease models was also
measured. The overexpression of PHGDH by genetic vector
transfection in AML12 cells reversed the FFA-induced intracellular
lipid accumulations (Figure 27). Genetic siRNA knockdown of PHGDH
induced lipid accumulation and L-serine deficiency accelerated this
effect. PHGDH overexpression reversed the TG accumulation in
AML12 cells (Figure 27). The FFA also increased intracellular TG in
primary hepatocytes and PHGDH gain of function by genetic
transfection reversed that. Genetic knockout model using PHGDH
knockout MEF showed that when L-serine was enough in media,
there is no additional lipid accumulation, but when L-serine was
depleted, PHGDH knockout induced about 2 fold TG levels. PHGDH
overexpression reduced lipid accumulation to control level (Figure 27).
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Figure 26. PHGDH loss of function or L-serine deficiency decreased
intracellular NAD+ and SIRT1 activity in AML12, mouse primary hepatocytes,
and PHGDH-KO MEF cells.
750 uM of FFA and 5 mg/mL L-serine were treated and intracellular NAD+ and
acetylation status of PGC-1α were measured in AML12 (A, B) and primary
hepatocytes (C, D). PHGDH WT and KO-MEF cells were cultured in L-serine
sufficient or deficient media and PHGDH expression vector was transfected. After
treatment, intracellular NAD+ and acetylation status of PGC-1α (E, F) were measured.
Values are means ± SDs, n = 3 of three independent experiments. Within each graph,
labeled means without a common letter differ (P < 0.05). Statistical analysis was
performed by using one-way ANOVA with Tukey’s multiple-comparison procedure.
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Figure 27. Increased L-serine synthesis by up-regulating PHGDH
reversed lipid accumulation in FFA treatment or L-serine depleted
condition.
AML12 cells were incubated with 750 uM FFA or si-Phgdh and transfected
with PHGDH expression vector in L-serine sufficient or deficient media.
Intracellular TG was measured by nile-red assay (A, B). Microscopic images of
the nile red staining of AML12 cells in serine depletion condition were
suggested (C). 750 uM FFA was treated in mouse primary hepatocytes and
PHGDH expression vector was transfected. After treatment, intracellular TG
was measured by nile red staining (D) and TG extraction and quantification
(E). PHGDH wild-type (WT) MEF cells were cultured in L-serine sufficient
media and knock-out (KO) MEF cells were cultured in L-serine sufficient or
deficient media. PHGDH overexpression vector was transfected and nile red
assay was performed (F). Values are means ± SDs, n = 3 of three
independent experiments. Within each graph, *, **, and *** represent
significance (*; P < 0.05, **; P < 0.01, ***; P < 0.001) relative to the control;
# and ## represent significance (#; P < 0.05, ##; P < 0.01) relative to its left
bar. Statistical analysis was performed by using one-way ANOVA with
Tukey’s multiple-comparison procedure.
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3.4. Regulation of PHGDH is mediated by NRF2.
3.4.1. PHGDH is not regulated by epigenetic
modification.
To identify the mechanism of PHGDH regulation, epigenetic assays
were performed. First, PHGDH promoter methylation was assessed.
Because the promoter methylation is known to repress the gene
expression, the methylation status of the PHGDH promoter was
measured by DNA bisulfite conversion. But in vitro FFA and ethanol
treatment decreased the methylation status and there were no changes
in the promoter methylation in vivo models (Figure 28).
Next, histone methylation was also investigated. The global histone
H3 and H4 acetylation assay showed there were no changes in histone
acetylation in vitro and in vivo disease models (Figure 29).
Trichostatin A (TSA) was also used to investigate histone methylation
and PHGDH expression, but TSA did not affect the mRNA and
protein level of PHGDH (Figure 30).
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Figure 28. Promoter methylation of PHGDH is decreased by
FFA and ethanol in vitro and not affected by HF diet or
chronic ethanol diet.
AML12 cells were treated with indicated concentrations of FFA
(A) or ethanol (B)　for 24 hr and the livers from HF diet fed
mice (C) and chronic Lieber-DeCarli ethanol diet fed rats (D)
were prepared for DNA extraction. After bisulfite conversion,
DNA was amplified by semi-quantitative PCR. Graphs show the
quantification of intensities of DNA bands. Values are means ±
SDs, n = 3 of three independent experiments in vitro or n = 3 of
mice or rats in vivo. Within each graph, * represents significance
(*; P < 0.05) relative to the control. Statistical analysis was
performed by using one-way ANOVA with Dunnett’s post-test
in vitro and by using student’s t-test in vivo.
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Figure 29. Global hitone H3 and H4 acetylation were not
affected in pathological models.
AML12 cell pellets treated with indicated concentrations of FFA
(A), ethanol (B) and the livers from HF diet fed mice (C),
chronically Lieber-DeCarli ethanol diet fed rats (D) were used to
measure global H3 and H4 acetylation. In each graph, values are
means ± SDs, n = 3 of three independent experiments (A, B) or
n = 8 mice or rats (C, D). Statistical analysis was performed by
using one-way ANOVA followed by Dunnett’s post-test (A, B)
or by using student’s t-test (C, D).
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Figure 30. The expression of PHGDH is not affected by
trichostatin A, HDAC inhibitor.
AML12 cells were treated with indicated concentrations of
trichostatin A (TSA) for 24 hr. Protein and mRNA were
extracted from cell pellets. PHGDH and H3K9 histone acetylation
were detected by western blot (A) and Phgdh mRNA expression
was measured by qRT-PCR (B). Values are means ± SDs, n =
3 of three independent experiments (A, B) or n = 8 mice or rats
(C, D). Statistical analysis was performed by using one-way
ANOVA followed by Dunnett’s post-test.
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3.4.2. PHGDH is regulated by NRF2.
DeNicola et al. reported that NRF2 positively regulates L-serine
biosynthesis through the up-regulation of enzymes involved in de novo
serine synthesis. Adenoviral transduction of dominant negative form of
NRF2 (DN-NRF2) or overexpression of NRF2 decreased or increased
PHGDH expression, respectively (Figure 31).
To find whether NRF2 is associated with down-regulated PHGDH in
pathological models. The expression of NRF2 is measured in vitro
FFA and ethanol model and in vivo HF diet and chronic ethanol diet
model. Figure 32. showed that not only in vitro FFA and ethanol
treatment decreased NRF2 protein level, but also in vivo HF diet and
chronic ethanol diet reduced NRF2 expression.
As NRF2 protein stability can be regulated by ubiquitination, we
confirmed NRF2 protein expression with treatment of
tert-butylhydroquinone (tBHQ) which is used as a NRF2 activator or
proteasome inhibitor, MG132. FFA increased the ubiquitination of
NRF2 and tBHQ and MG132 teatment reversed these effects (Figure
33).
- 68 -
Figure 31. NRF2 positively regulates PHGDH at
transcriptional and translational level.
AML12 cells were transducted with adenoviral dominant
negative (DN)-NRF2 (A, B) or NRF2 (C, D) for 24 hr After
transfection, cells were collected and subjected to PCR or western
blot for NRF2 and PHGDH expression. Values are means ± SDs,
n = 3 of three independent experiments. Within each graph, *
represents significance (*; P < 0.05) relative to the control.
Statistical analysis was performed by using one-way ANOVA
followed by Dunnett’s post-test.
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Figure 32. NRF2 protein expression is down-regulated in
pathological models in vitro and in vivo.
AML12 cells treated with indicated concentrations of FFA (A),
ethanol (B) and the livers from HF diet fed mice (C), chronically
Lieber-DeCarli ethanol diet fed rats (D) were prepared to
measure NRF2 protein expression. In each graph, values are
means ± SDs, n = 3 of three independent experiments (A, B) or
n = 4 mice or rats (C, D). Within each graph, * and ***
represent significance (*; P < 0.05, ***; P < 0.001) relative to
the control. Statistical analysis was performed by using one-way
ANOVA followed by Dunnett’s post-test (A, B) or by using
student’s t-test (C, D).
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Figure 33. Increasing the stability of NRF2 reversed
FFA-induced PHGDH down-regulation.
AML12 cells were treated with FFA with or without tBHQ (A)
and MG132 (B). After 24 hr treatment, cells were centrifuged and
subjected to immunoprecipitation for detecting ubiquitination of
NRF2 and western blot for measuring NRF2 and PHGDH
expression. Right panels shows the quantification of ubiquitination
of NRF2, expression of NRF and PHGDH which are normalized




L-Serine is a non-essential amino acid which makes up dietary
proteins, but plays various roles in cellular metabolism including
biosynthesis of nucleotides, other amino acids, and sphingolipids.
One of the mechanisms of alcoholic fatty liver is a disturbance in
hepatic sulfur-amino acid metabolism, leading to high homocysteine
concentrations (Ji et al., 2003). We first demonstrated that the natural
amino acid L-serine ameliorated alcoholic fatty liver by lowering
homocysteine concentrations. L-Serine reduced homocysteine and lipid
accumulation by acting on MS and CβS which are important
homocysteine metabolizing enzymes in livers. By studying L-serine
and homocysteine metabolism, we could assume that L-serine may
have potential for treatment of hyperhomocysteinemia and fatty liver.
In our study, L-serine effect on serum homocysteine showed
difference between mice and rats. Shinohara et al. (2010) reported
species difference between rats and mice in which ethanol induces
hyperhomocysteinemia. Rats were reported to more resistant to
ethanol-induced increase in serum homocysteine and fatty liver. Our
results also showed similar results and L-serine effect lowering serum
homocysteine was observed only in mice (Sim et al., 2015). L-serine
effect of improving steatosis in rats were identified by analyzing other
sulfur amino acid metabolites in the liver. Our data in chronic ethanol
study found that L-serine increased hepatic SAM without affecting
SAH levels and GSH contents (Table 3). SAM participates into
various biological reactions as a methyl donor and impaired SAM/SAH
ratio leads to develop fatty liver by down-regulating VLDL secretion
(Kharbanda et al., 2007 and 2012). Therefore, normalized SAM/SAH
ratio by L-serine may be an important mechanism improving alcoholic
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steatosis in rats.
We found that L-serine mediated homocysteine metabolism through
the regulation of MS and CβS enzyme expression in binge ethanol
study. Because homocysteine metabolism can not only be affected by
metabolizing enzyme expression, but also the activity of the enzyme,
we measured enzyme activity of MS and CβS. L-serine did not affect
the enzyme activity in both binge and chronic ethanol study. The
mechanism which induces the expression of the enzymes by L-serine
needs to be studied.
The effect of L-serine improving fatty liver was mediated not only
by homocysteine metabolism but also by regulating SIRT1 activity.
L-Serine increased intracellular NAD+ by the action of LDH. Several
amino acids are reported to modulate SIRT1 activity. Leucine, which is
an essential amino acid, was reported to increase SIRT1 mRNA and
protein expression in C57BL/6 mice. Leucine increased nicotinamide
phosphoribosyltransferase (NAMPT) and SIRT1 expression (Koning et
al., 2003). Leucine also mimicked the calorie restriction effect by
lowering the activation energy for NAD+ of SIRT1 (Lei et al., 2005).
Another amino acid, tryptophan is reported to be associated with
SIRT1 activity. When the kynurenine pathway which is the principle
route of tryptophan metabolism producing NAD+ is inhibited, SIRT1
activity was decreased (Brady et al., 2012).
In our study, L-serine altered intracellular redox state, which can be
measured by NAD+/NADH ratio through LDH. Lactic and pyruvic
acids interact through the actions of the cytosolic near-equilibrium
LDH isozymes, which reflect the cytosolic NAD+/NADH ratios in
cytosol. There are reports of mitochondrial LDH activity (Brooks, 2009)
and therefore potential for coupling of the NAD+/NADH ratios trigger
several intracellular responses, including expression of genes by
modification of histone deacetylases, which profoundly affect the
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regulation of protein synthesis. To identify L-serine mediated
regulation of redox state, pyruvate and lactate levels are needed to
measured and further studies about changed redox state should be
performed including glycolysis.
L-Serine is also reported to be a natural ligand and allosteric
activator of pyruvate kinase M2 (PKM2) (Chaneton et al., 2012).
L-serine bound to and activate human PKM2 and following serine
deprivation, PKM2 activity in cells is reduced. This reduction in PKM2
activity shifts cells to a fuel-efficient mode where more pyruvate is
diverted to the mitochondria and more glucose derived carbon is
channelled into serine biosynthesis to support cell proliferation.
Although PKM2 is the predominant isoform in cancer cells (Christofk
et al., 2008; Altenberg and Greulich, 2004) and has low basal
enzymatic activity compared to the constitutively active splice-variant
PKM1 (Mazurek et al., 2005). Therefore, down-regulated intracellular
L-serine in disease models may result in PKM2 activation and
L-serine effect on PKM2 activity including increased glycolysis further
needs to be elucidated.
Reduced L-serine levels in alcoholic fatty liver can be explained by
PHGDH, which regulates de novo L-serine synthesis, and it was found
to be decreased in chronic ethanol diet, high-fat diet, and MCD diet
models. Decreased PHGDH expression resulted in reduced L-serine
concentrations in the livers except in MCD diet model. This may
result from different diet composition, period and so on. In vitro
pathological models also showed decreased PHGDH expression and
PHGDH gain of function reversed this effect by up-regulating
intracellular NAD+ and SIRT1 activity by increased L-serine.
To find the correlation between L-serine level and fatty liver disease
status, hepatic L-serine was investigated in animal studies and serum
L-serine was measured in human studies. Although both liver and
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serum L-serine levels were correlated to the fatty liver disease status,
additional serum amino acid analysis in animal studies can support the
correlation between L-serine and fatty liver disease.
Esaki et al., reported that deprivation of external L-serine leads to
the generation of abnormal sphingolipids, 1-deoxysphingolipids
(doxSLs), including doxSA in mouse embryonic fibroblasts lacking
PHGDH (PHGDH KO-MEFs) (Esaki et al., 2015). Furthermore, it is
reported that human diabetics show significant increases in
deoxyshpinganine (Bertea et al., 2010; Othman et al., 2012). So we
detected the sphingolipids in the livers from Lieber-DeCarli ethanol
diet-fed rats and high-fat diet-fed mice. In ethanol study, ethanol-fed
rats showed increased doxCer and doxDHCer, which are produced by
palmitoyl-CoA and alanine conjugation instead of L-serine. But
high-fat diet fed mice showed different patterns of sphingolipids level.
DoxSA and DoxCer were decreased by high-fat diet. Although a direct
causative role between ethanol diet and high-fat diet on lipid profile is
unclear, we hypothesized that different composition of diet may affect
SPT activity on different substrate. Because SPT exists in a complex,
composed of three distinct subunits (SPTLC1, STPLC2 and SPTLC3)
(Hornemann et al., 2007) and interacts with other proteins that
regulated activity of the enzyme (Han et al., 2010). Further studies
about sphingolipid profile of high fat diet in vivo study or human
obese patients need to be elucidated.
Regulation of PHGDH is mediated by various molecules
(Bollig-Fischer et al., 2011; Jun et al., 2008; Ding et al., 2013; Ou et
al., 2015; DeNicola et al., 2015). One of the mediator focused in this
study is nuclear factor erythroid 2-related factor 2 (NRF2). NRF2 is
one of a major regulator of cytoprotective response against reactive
oxygen species (ROS) (Kansanen et al., 2012). In resting state, NRF2
binds to two Kelch ECH associating protein 1 (Keap1) molecules and
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is ubiquitinated by the Cul3-based E3 ligase. The ubiquitination of
NRF2 leads to degradation by the proteasome (Kansanen et al., 2009).
Under oxidative condition, the cysteine residue of Keap1 is modified
and ubiquitination of NRF2 is inhibited by dissociation of the
Cul3-based E3 ligase complex. In this study, PHGDH is
down-regulated by FFA or ethanol treatment and NRF2 activator
tBHQ or proteasome inhibitor MG132 reversed the down-regulation of
NRF2 and PHGDH. Although FFA and ethanol are reported to induce
oxidative stress (Cui et al., 2016; Shi et al., 2016), Shi et al. reported
that NRF2 is reduced in total protein level and nuclear accumulation
by ethanol treatment. Because NRF2-Keap1 pathway can be regulated
by various mechanisms including Keap1 mutation (Mitsuishi et al.,
2012), hypermethylation of Keap1 promoter (Hanada et al., 2012; Zhang
et al., 2010), and accumulation of disruptor proteins including p62 and
p21 (Ma and He, 2012), further study is needed to NRF2-mediated
PHGDH regulation in vitro and in vivo disease models.
In conclusion, L-serine ameliorates fatty liver by participating in
homocysteine metabolism and up-regulating SIRT1 activity by
increasing intracellular NAD+ pool. Reduced L-serine is mediated by
down-regulated PHGDH experssion in various in vitro and in vivo
disease models. PHGDH expression is regulated by NRF2 which
regulates PHGDH positively at transcriptional and translational level.
This study showed that L-serine has a potential developed as a fatty
liver disease therapeutics and L-serine synthesizing enzyme, PHGDH
can be used as a therapeutic target for fatty liver disease.
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V. Conclusion
The result of the current thesis can be summarized as follows:
1. L-serine ameliorates alcoholic fatty liver in vitro and in vivo. And
L-serine showed these effects through up-regulating homocysteine
catabolism via MS and CβS activity.
2. L-serine increases intracellular NAD+ by the action of lactate
dehydrogenase and SIRT1 activity. L-serine mediated increase in
SIRT1 activity resulted in mitochondrial mass and function by PGC-1
α. L-serine also reversed oleaic acid-induced intracellular TG
accumulation by increasing lipid β-oxidation and palmitic acid-induced
insulin resistance in vitro.
3. PHGDH, which is a rate-limiting step in de novo serine synthesis,
expression was decreased in various in vitro and in vivo disease
model. GEO analysis also showed that human fatty liver disease
patients showed reduced expression of PHGDH and serum from human
fatty liver disease patients showed that L-serine is negatively
correlated with liver fat fraction and biomarkers of liver function and
lipid metabolism, such as ALT and TG.
4. NRF2 is identified as a PHGDH regulator in vitro and in vivo
model. studied by focusing its expression and protein stability. NRF2
is found to positively regulate PHGDH at transcriptional and
translational level. Increasing NRF2 stability reversed free fatty
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acid-induced PHGDH down-regulation.
Taken together, PHGDH plays an important role synthesizing L-serine
in pathological liver state. This study showed that PHGDH can be
used as a therapeutic target for hepatosteatosis and L-serine has a
potential for curing fatty liver disease.
- 78 -
VI. Abbreviations
3-Phosphoglycerate dehydrogenase (PHGDH); 5-Methyltetrahydrofolate
(5-methylTHF); Alanine aminotransferase (ALT); Alcoholic fatty liver
disease (ALD); Aspartate aminotransferase (AST); Betaine
homocysteine methyltransferase (BHMT);
Chemoattractant protein (MCP); Cystathionine β synthase (CβS);
Deoxyceramide (DoxCer); Deoxydihydroceramide (DoxDHCer);
Deoxymethylsphinganine (DoxmeSA);
Deoxysphinganine (DoxSA); Deoxysphingosine (DoxSO); Dulbacco’s
modified phosphate-buffered saline (DPBS); Endoplasmic reticulum
(ER); Fatty acid transport protein (FATP); Free fatty acids (FFA);
Glucose-regulated protein 78 (GRP78); Glutathione (GSH); High-fat
(HF); Human epideral growth factor receptor 2 (HER2);
Interleukin (IL); Knock-out (KO); Lactate dehydrogenase (LDH);
Methionine-choline deficient (MCD); Methionine synthase (MS);
Nonalcoholic fatty liver disease (NAFLD); Non-small cell lung cancer
(NSCLC); Nuclear factor like 2 (NRF2); Nuclear transcription factor Y
(NF-Y); Peroxisome proliferator-activated receptor-α (PPARα);
Peroxisome proliferator activated receptor γ coactivator-1 α (PGC-1α);
Phosphatidylethanolaine methyltransferase (PEMT); Phosphoserine
aminotransferase 1 (PSAT-1); Phosphoserine phosphatase (PSPH);
Protein kinase RNA-like ER kinase (PERK); Quantitative Real-time
Polymerase Chain Reaction (qRT-PCR); S-adenosylmethionine (SAM);
S-adenosyltransferase (MAT); Serine Palmitoyltransferase (SPT);
Specificity protein 1 (Sp1); Sphinganine (SA); Sphingosine (SO); Sterol
regulatory element binding protein (SREBP); Transforming growth
factor (TGF); Triglyceride (TG)
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국문초록
지방간은 초기 단계의 간질환으로서 지방이 간 무게의 5% 이상을 차지하
는 상태를 의미한다. 지방간은 가역적이고 양성의 질환이지만, 적절한 치
료가 진행되지 않으면 간기능 장애를 야기하게 된다. 본 연구에서는 세린
생합성 단계에서 율속단계 효소로 작용하는 3-phosphoglycerate
dehydrogenase (PHGDH)가 지방간 질환에서 세린 합성을 조절하여 지질
대사에 영향을 줄 것임을 제안하였다.
이전 연구에서 만성적으로 에탄올을 투여한 랫트에서 세린이 감소하는
것을 확인하였다. 이에 근거하여, 알콜성 지방간 모델에서 세린을 투여하
였으며 세린의 투여는 methionine synthase와 cystathionine β synthase
를 경유하여 호모시스테인을 대사시킴으로써 에탄올에 의해 유도된 지방
간을 억제하였다. 또한 세린은 lactate dehydrogenase에 의해 세포내
NAD+와 SIRT1의 활성을 증가시켰다. 세린은 미토콘드리아 유전자 발현,
양 그리고 기능을 증가시켰다. 세린에 의한 SIRT1 활성의 증가는 in
vitro에서 지질 축적 및 인슐린 저항성을 억제하였다.
PHGDH와 세린은 만성 에탄올 그리고 고지방식이에 의한 지방간 질환
모델에서 유의미하게 감소하였다. 유리지방산 및 에탄올은 in vitro에서
PHGDH의 발현을 감소시켰다. 세린 생합성의 감소는 PHGDH-KO MEF
세포 및 알콜성 지방간 모델에서 비정상적인 스핑고지질 및 세라마이드의
증가를 야기하였다. 또한 간염 환자의 GEO 분석을 통해 PHGDH 유전자
발현이 감소하는 것을 확인하였다. 지방간 환자의 혈청 세린은 MRI로 확
인한 지질분획, 혈청 ALT 및 중성지방과 역의 상관관계를 가지는 것을
확인하였다. PHGDH 기능회복에 의한 세린 합성의 증가는 세포내 NAD+
및 SIRT1의 활성을 증가시켜 지질 축적을 억제하였다.
PHGDH는 전사 및 번역 수준에서 NRF2에 의해 증가하는 것을 확인하
였다. 지방간 질환 모델에서 NRF2의 발현이 감소하는 것을 확인하였으며
NRF2 활성의 증가는 유리지방산에 의해 감소하였던 PHGDH의 발현을
회복시켰다.
결론적으로 PHGDH는 간에서 세린을 생합성함으로써 지질대사를 조절
하는 중요한 역할을 한다. 본 연구를 통해 PHGDH를 지방간 질환을 치료
하는 타겟으로 사용할 수 있으며 이에 의해 합성되는 세린이 지방간 질환
을 치료하는 가능성을 가짐을 확인하였다.
In conclusion, PHGDH plays an important role regulating lipid
metabolism by synthesizing L-serine in the liver. This study showed
that PHGDH can be used as a therapeutic target for hepatosteatosis
and L-serine has a potential for curing fatty liver disease.
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